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Preface

I first became interested in the modeling of bomber
defense missiles (BDMs) after reading a 1969 article by
h Clifford rawcett and Chester Jones of ASD. 1In the article
they presented a model for estimating BDM contributions to
bomber effectiveness, asserting that no comparable models
existed at that time.

Because BDMs seemed to be an attractive option for
strategic bombers, I did a brief modeling survey, followed
by conversations with strategic analysts. This led me to
believe that most force-on-force analysis of BDMs is per-
formed with models that are either too complex or too
aggregated to be sensitive to subtle variations in BDM
features. My thesis goal became to accurately model the
strategic merits of BDMs.

I learned much through the thesis process in both
professional and personal areas. For helping me through

this process, I owe more than a published "thanks" to

several people: Lt Ccl Jim Bexfield for his patient leader-
ship, Capt Rick Wilkinson for his "real-world" experience,
Capt Shawn O'Keefe for his all-around positive influence
and good humor, and to all the instructors and students who
generously showed me there is no such thing as a "dumb"
question. Above all others I thank my wife, Susan, for her
love and faith in me, at a time when she was single-
handedly managing a full-time job, a newborn son, eight

dogs and cats, and buying a house.
ii
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\

defense missiles as penetration aids to bombers carrying

Two models were developed for evaluation of bomber

cruise missiles. The defense consisted of a forward-
based AWACS controlling airborne interceptors. Both models
utilize a corridor concept with a single AWACS.

One of the models is a simulation using the Q-GERT
computer language; penetrators and interceptors wait in
"queues" to be paired by the AWACS "server" for interceptor
attempts. The second model is a stochastic analytic
approach recursively estimating a separate survival proba-
bility for each successive bomber to enter the corridor.
This probability reflects delays between intercepts due to
fighter attrition. Both models estimate the numbers of
bombers surviving, cruise missiles launched and cruise
missiles surviving.

The models yielded similar results for 24 different
cases. The thesis models represent the effects of fighter
attrition, BDM depletion and payload tradeoffs in greater

detail than do other similar models.
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TWO PENETRATION MODELS FEATURING BOMBER DEFENSE

MISSILES AGAINST AN AWACS AIR DEFENSE

I. Introduction

Background

A primary mission of the U.S. Air Force is to main-
tain an effective manned bomber force as part of the triad
concept of strategic deterrence. One possible plan for a
retaliatory bomber strike calls for many B-52s penetrating
enemy forward air defenses (FAD) to deliver air-launched
cruise missiles (ALCMs) toward inland targets. The ability
of the B-52 fleet to perform this mission is an ongoing con-
cern of defense planners; the structurally old B-52 is rela-
tively slow and has a large radar cross-section (RCS),
causing some to doubt its current ability to penetrate
Soviet air defenses. Furthermore, Soviet defenses have
improved greatly through recent technological advances in
radar, surface-to-air missiles, and fighter interceptors,
as well as the expected deployment of a Soviet Union Air-
borne Warning and Control System (SUAWACS) aircraft irf®the
near future. .

The gravity of this threat was underlined in a 1975

report by the Secretary of Defense:
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Should the Soviet Union develop and deploy an
AWACS/"Foxbat" "loock-down, shoot-down" air defense
system, we would have to counter it with new penetra-
tion devices and techniques such as the cruise mis-
sile, bomber defense missiles and improved ECM [Ref
17:196].

Today several options are being explored to improve
the strategic bomber force. Among these are new aircraft
to complement or replace the B-52s, longer-range cruise
missiles to give the fleet greater standoff range, and
penetration aids such as improved electronic countermea-
sures (ECM), believable decoys, and lethal bomber-defense
missiles (BDMs).

The Strategic Planning branch of Aeronautical Sys-
tems Division's (ASD) Strategic Systems System Program
Office (SPO) is currently studying proposed weapon system
innovations to aid the effectiveness of cruise missile
carrier aircraft (CMCA) against a Soviet forward air
defense with an AWACS network. Part of the analysis con-
sists of running many cases with the SPEED model (Ref 13).
The relative merits of various electronic countermeasures
and lethal defense missiles is a particular focus of the

study, and the SPO is interested in comparing their results

with those of alternative methods of modeling.

Statement of the Issue

Although many simulation models and analytical
formulations exist for studying general bomber penetration
issues, few have been designed to study a modern FAD; a

2
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specialized model including BDMs, ALCMs and ECM would be
of unique utility. There is also a need to compare the
roles, advantages, and disadvantages of different types of
bomber penetration models: large versus small, analytic

versus simulation.

Research Objectives

The purpose of the thesis effort is to develop two
separate but complementary models for assessing the rela-

tive effectiveness of BDMs and ECM against the FAD.

Simulation Model. The first model is a simulation

using a Q-GERT network and FORTRAN "user functions." This
is the first known application of the concise Q-GERT

language to bomber penetration modeling.

Analytic Model. The second model is a sequence of

analytic expressions leading to estimates of bomber effec-

tiveness against the FAD.

Secondary Objective. A secondary objective of the

study is to compare the two models in terms of:
1. Results obtained for certain research questions
2. Credibility and consistency of results
3. Methodology
4. Model versatility (number of addressable
qguestions)

5. Ease of use and revision

ek
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6. Cost and time requirements

7. Sensitivity to key inputs

Scope and Limitations

The scenario modeled in both cases will be
restricted to the time interval during which the bomber or
CMCA, force is penetrating the enemy's Forward Air Defense
(FAD), beginning with detection of the first CMCA or ALCM
and ending for each when it is either killed or has success-
fully penetrated the FAD. The FAD to be considered has two
main components: airborne fighter interceptors (AIs) to
engage and kill penetrators; and a network of AWACS air-
craft which detect CMCAs and ALCMs on radar and then assign
and guide FI to intercept each penetrator detected. CMCAs
will fire BDMs at interceptors but not at an AWACS.

The models focus on a single penetration "corridor,"
with only one AWACS aircraft and its associated AI combat
air patrol (CAP). Penetrator flight paths are straight
lines, and maneuvers to alter course while in radar cover-
age are not modeled.

Both models are based on the same major assumptions,
but the analytic model requires occasional additional
simplifications of the scenario. The inputs common to both
models include:

1. Number of bombers (limited to 20 in simulation)

2. Number of ALCMs per bomber

S ]




3. Number of interceptors
4. AWACS detection ranges for bombers and ALCMs
5. Probabilities of engagement for AI against
bombers and ALCMs
6. Kill probabilities by air-to-air missiles
(AAMs) and BDMs
7. Bomber arrival rates and ALCM launch schedule
The models are essentially parametric; event proba-
bilities and deterministic detection ranges are not esti-
mated by the model, but must be provided by the user based
on external analysis of specific weapon systems. For the
purpvose of model illustration and comparisons, inputs which
are representative of actual capabilities are assumed.
The primary outputs of the models are the number of
CMCAs surviving the FAD, number of ALCMs launched, and the

number of surviving ALCMs.

Methodology and Overview

The overall approach of the study emphasizes the
derivation of models and the comparison of methodologies.

The study process consists of four main phases.

Literature Survey. The first phase consists of

research about:
1. previous FAD issues studied;
2. previous bomber penetration modeling--simulation

and analytic approaches;

5




3. derivation of probabilities of detection, con-
version, kill, etc., based on pertinent features
of ECM and BDMs; and

4. models considering BDMs or general air-to-air
combat.

Chapter 1T summarizes the general findings about bomber
penetration models, and Chapter III describes FAD issues
and how they are treated in two particular models used at

ASD.

Q-GERT Model Development. The simulation model was

developed in three general steps: formulation, computeriza-
tion, and verification.
1. PFormulation tasks:
a. decompose scenario into significant
elements
b. analyze and describe elements
c. make assumptions necessary for modeling
d. integrate elements into a network model
2. Computerization tasks:
a. define constants, variables, inputs and
outputs
b. set initial values for parameters
c. transform network model into code

d. debug the program: obtain output




3. Verification: This step consists of inspect-
ing sample runs to determine if the scanario is simulated
as intended. Next, outputs for a base case are obtained,
and excursions are tested to see if the output is altered
in the expected direction when key parameters are changed.

Some iterations of the three steps were necessary.

The final form of the model is reported in Chapter 1IV.

Analytic Model Development. The third phase of

the study consists of six iterative steps:

1. Choose desired forms of results: expected
value, upper bound, lower bound, and/or probability dis-
tribution.

2. Decompose problem into important events.
Decide which are cdependent and which are independent;
analyze cause-and-effect relationships.

3. Make simplifying assumptions about offense,
defense, and encounters.

4. Derive event probabilities, resulting in
expressions for numbers of surviving CMCAs and ALCMs hased
on ECM and BDM parameters.

5. Computerize and debug the model. Confirm by
hand that the desired calculations are performed correctly.

6. Verify that key factors identified in Step 2

are included. Check results for intuitive validity.




The analytic model is described in Chapter V.

Model Comparisons. The key steps in this phase

are:
1. Using realistic inputs, generate Q-GERT and

analytic results for the same variable cases. Each case

is specified by:

a. whether or not BDMs are loaded; the three
levels are zero, four, and eight BDMs;

b. which of four ECM capabilities (minimal
ECM, high ECM vs. Als, high ECM vs. AWACS radar, or high
ECM vs. both) is used by bombers.

2. Compare how the two models rank the alterna-
tives according to the three different measures of effec-
tiveness.

3. Summarize the differences in approaches.

4. Make conclusions about relative advantages,
disadvantages, and roles of methodologies; summarize addi-
tional insights.

The results of this final phase are reported in

Chapter VI.




II. Review of Bomber Penetration Modeling

A large variety of models and techniques exist
today for quantitative analysis of strategic bomber pene-
tration issues. Therefore, analysis performed in this area
must include selection of the means of analysis to be used
in the study process itself. Before choosing a model, or
choosing to develop one himself, the analyst should under-
stand his purpose for using a model.

In a broad sense, all models serve the same pur-
pose. They "shed light" on a problem (or problems).
Hoeber lists three ways, in order of importance, that a
model can do this (Ref 6:6). They are:

1. to increase the understanding, by both analyst
and client, of the problem through the modeling process;

2. to aid in making choices between alternatives
by providing useful relative numbers for measures of
merit; and

3. to give valid absolute numbers as solutions to
problems; however, applications where this is possible are
rare.

Thus, one difference between models is the varying
degrees to which the three purposes above motivate their

development. The first purpose, "understanding," may




reflect the greatest value found in models, but the con-
sideration that most often drives the choice of models is

a set of specific study questions: how the alternatives
will be compared, and the other issues to be addressed by
data from a model. For bomber penetration studies, typical
questions include:

l. Are bomber force improvements necessary to
maintain or achieve a specified level of performance?

2. Which of several proposed changes in offensive
tactics or capabilities would most improve bomber force
effectiveness?

3. How will certain changes in the tactics,
resources, or performance capabilities of the air defense
threat affect the overall success of the bomber mission,

and what are the best responses by the offense?

Selecting a Model or Models

After identifying the important study questions,
the analyst must choose the appropriate modeling technique
(or set of techniques) according to some set of criteria.
He may wish to perform some level of cost-benefit analysis.

The following is a possible checklist for such assessment.

Benefits. Answering several guestions about
alternative models can tell the analyst whether the tech-
nigues can generate the desired quality and quantity of

information. The model(s) should:

10




1. be applicable to the problem. To what extent

will the set of techniques address the study questions?
Are the assumptions in each model appropriate for the

problem?

2. promote confidence in the results. Are the

techniques perceived as valid? Are the assumptions reason-

able, and has the model been tested? Does the level of
resolution enhance credibility?

3. be acceptable to the client, or decision maker.

This is a prerequisite when there is a sponsor; if the
client does not approve of the choice of models or find
the assumptions credible, he will place little faith in
the results.

4. provide additional insights. Regardless of

results, will understanding of the problem increase?

Costs. Models can range widely in the resources
required for their use. The costs are primarily of two
types:

1. Manpower Costs. What level of effort is

required to meet the deadline? What additional expertise
is needed to obtain and input data, and analyze results?

2. Computer Costs. How much computer time is

required? The expense of generating data should be
assessed, including the possible interference with other

computer operations.

11
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Constraints. There is usually a minimum amount and

quality of information desired from use of a model, and
there are almost always clear manpower, computer, and budge-
tary limits for a study. The acceptability of a model to
the client, mentioned under "benefits," is clearly also a
real constraint. There are two additional constraints:

1. Availability. If the desired techniques are

not already operational for use, can they be obtained and
computerized in time? Also, can the necessary inputs be
easily obtained?

2. Time. Can the entire study process be per-
formed with these technigues by the project completion
deadline?

A given model has five general features which

determine the resources required for its use, and the
o utility of the information it can provide. These are:

i 1. the purpose it was originally developed for,
2. the output possible from its use,

its scope,

w

f : 4. its level of detail or resolution, and

5. whether its methodology is simulation or

analytic modeling.
? An analytic model can be definad as
. « . a solution technique that allows us to write
a functional relation between system parameters and a

chosen performance criterion in terms of equations
that are analytically solvable [Ref 10:17].

12




Examples of analytic formulations are queueing models,
probability models and Lanchester equations. The category
is broad, however, and includes simple "paper-and-pencil"
calculations and "rules-of~thumb." For example, the
function Ps = e-PkI/B has been widely used to express the
relationship between a bomber's probability of survival
Ps' the kill probability Pk’ and the ratio of intercep-
tors (I) to bombers (B) in a battle. There are cases where
this highly aggregated equation gives misleading results,
but it can easily yield a gross understanding of key fac-
tors in bomber performance.

In contrast, a simulation model means "a numerical
technique for conducting an experiment (by a digital com-
puter) or a system evolving in time [Ref 10:18]." Because
its concept of time is explicit, a simulation can describe
the dynamic behavior of a system. Simulations can repre-
sent reality in extensive detail, but can be time-consuming
or expensive to use compared to an analytic model.

This chapter will summarize some representative
simulation and analytic models which already exist for the
study of bomber effectiveness. Key differences between the
various types of models will be assessed, and the relative

advantages of each will be discussed.

Simulation Models

"Simulation models are attempts to replicate
reasonably well understood processes [Ref 1:71]." Such

13
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techniques typically represent the behavior of systems by
generating events and activities according to specified
deterministic or probabilistic rules.

The critical processes represented in strategic
bomber analysis are the interactions between and within
offensive flight performance, tactics, and weapon systems
and the defense environment. The simulation techniques
used historically range from one-on-one models of a bomber-
interceptor encounter to force-on-force models of an entire
nuclear war. For illustrative purposes, three simulations
of bomber penetration scenarios will be described in this

section.

Advanced Penetration Model. The Advanced Penetra-

tion Model (APM) was created by Boeing Computer Services
for Air Force Studies and Analysis in 1969 (Ref 7:2). The
Air Force needed a "big picture" model of the bomber mis-
sion which could be combined with other war-gaming models
for assessment of force-level issues, strategies and
deployment decisions. 1In order to capture the effects
of specific weapon systems and also utilize actual war
plans, a high degree of resolution, or level of detail,
was required.

Twenty analysts and forty programmers were initially
committed to its development, and its first major opera-

tional application came three years later in the Joint

14
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Strategic Bomber Study (JSBS). Since that time, the APM
has been transferred to SAC Headquarters, and both versions
continue to evolve and be improved.

The APM simulates the attempted escape of the
bomber force from an SLBM attack on the home bases, then
each surviving bomber's rendezvous and refueling with
tankers, its penetration of the FAD and SAM defenses,
weapons delivery and recovery. As a source of inputs, the
model ccmputes the assignment of bombers to targets, and
many other initial conditions, in the Mission Planner phase.

The unique value of the APM is that it models many
individual bomber and defense units simultaneously, cap-
turing the complex effects of defense saturation, command-
and-control limitations, and weapon assignment doctrines.
Hence it can be used to compare a large variety of alterna-
tive forces, weapons and tactics.

The strength of the APM is also its greatest weak-
ness. The wealth of data inputted and outputted gives the
model great resolution, but it also makes it expensive and
time-consuming to prepare, correct (if necessary) and inter-
pret runs. The manpower and computer time required for
each run also makes extensive sensitivity analysis extremely
expensive and time-consuming compared to smaller models.

For this reason, a major value of the APM is as a source

of validation for other models, as well as a source of

15




input data for simpler models to use for their sensitivity
analysis.
Therefore, the APM is at the top of a hierarchy

(of bomber penetration models) of the type recommended by
G. Clark in 1969 (Ref 3). The APM can be used to provide
a detailed analysis of a base case and cne or two excur-
sions. Then smaller models borrowing inputs and estimated
parameters, and hence some of its credibility £from the APM

can be used to analyze other excursions.

SPEED Model. The SPEED (Simulation of Penetrators

Encountering Extensive Defenses) model was originally
developed by Calspan Corporation for the Aeronautical Sys-
tems Division (ASD) of the Air Force Systems Command (AFSC)
(Ref 13). Written in FORTRAN IV, the model was the result
of the perceived need for a relatively fast-running pene-
tration model with flexibility and validity comparable to
that of APM. The several current versions of SPEED
generally run in faster-than-real time. Depending on the
type of computer and the complexity of the scenaric, this
is often not true of the APM.

SPEED simulates a shorter scenario than APM begin-
ning with the entry of the first penetrator into defense
air space, and ending with the last penetrator's exit.

Although it cannot depict nearly as many elements as APM,

16




SPEED also models in-depth the performance capabilities
of individual penetrators and the entire defense network.
The purpose for the development of SPEED was to
provide a methodoleqgy for analysts to:
. . . obtain an understanding of the interactions
among the penetrating forces and the various facets of
an air defense system, and . . . quantitatively assess

the overall impact on bomber force effectiveness of
penetration system variations including numbers of

air vehicles, ECM used and decoy deployment [Ref 13:16].

One advantage of SPEED over APM is that its reduced

scale of complexity makes it easier for the analyst to
understand the simulated interactions and the assumptions
behind them. In addition, a major application of SPEED
is examining sensitivities to one-on-one effectiveness
data and changes in threat capabilities. Thus it facili~-
tates tradeoff analysis of competing or complementary
weapon systems. In fact, because SPEED can be directly
tied to APM's Mission Planner, Studies and Analysis may
use SPEED to perform excursions on studies where the APM
is the primary model.

Other simulation models of the penetration mission
exist which are comparable to SPEED in purpose, scope and

level of detail. For example, Rockwell International's

Advanced Campaign Effectiveness (ACE) Model has been widely

used since its development for B-1l bomber studies, and

differs from SPEED only in relatively minor details (Ref 14).

17




Small-Scope Simulations. Many-on-many models such

as APM or SPEED are designed for study of major bomber
force issues, but it is often desirable to have separate
one-on-one models simulating a single isolated aspect of
the whole bomber mission. An early example was NORTAM
(Northrop Terminal Attrition Model}, which was developed 1
for Headquarters USAF (AFDAP) by James L. Taylor of
Northrop, Inc., in the late 1950s (Ref 19).
NORTAM is a model of the terminal engagement
between a single bomber and a single fighter-interceptor.
Its purpose was to
. . . evaluate realistically the effects of meteoro-
logical factors, airborne equipments (i.e., design
parameter variation), bomber defensive measures, and
fighter attack doctrine and countertactics upon fighter
bomber engagement outcomes [Ref 19:790].
It used a large number of user-provided inputs for air-

battle and equipment parameters such as radar power and fre-

quencies and aircraft turning radius. After a statistically

significant number of runs, separate estimates were sum-
marized for probabilities of detection, conversion to
firing, abort, engagement and kill for both bomber and
fighter. Average ranges of detection and firing were also
calculated.

NORTAM is not widely used today, but it is a proto-
type for many flexible, small-in-scope simulations which
replaced it for analysis of terminal fighter bomber engage-
ments. The applications of such models are obviously H
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different from those of APM and SPEED. They can provide
more detailed insight into the terminal engagement process,
and allow more subtle comparisons of different tactics and
weapon system features. Thus they are often used to
generate probability inputs for the large many-on-many

models.

Analvtic Models

Analytic formulations of bomber penetration do not
represent reality in the detailed manner of simulations,
but rather simplify and transform ey elements of the
scenario pictured into the abstract language of mathe-
matics. Developing such abstractions is an art, because
there are probably as many ways to mathematically model a
given scenario as there are analysts. Thus it is no
surprise that analytic models vary in form and complexity
more than simulation models. Such models can also differ
in scope, level of detail or aggregation, mathematical tech-
nique and especially the simplifying assumptions made.

Several models are cited here as illustrations.

PENEX. PENEX is & mathematical model for esti-
mating the number of bombers surviving a many-on-many air
battle with manned interceptors. It reflects a level of
aggregation somewhere between the detail of APM or SPEED

and very aggregated models such as the survival function,

P_ = e‘PkI/B (Ref 2). 1In fact, its development for AF/SA
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in 1972 was a direct response to the need for a versatile,
but not too simple, analytic model.
The relative complexity of PENEX permits its appli-

cation to a variety of penetration problems. It computes

the expected numbers of bombers and decoys surviving an air
battle by analyzing the conflict as a sequence of discrete
sub-battles. The model allows two types of interception
policy by the defense in the same sub-battle: raid con-

trolled and close controlled. Under the raid controlled

mode, interceptors take off when their bases are warned of
incoming penetrators, and they search individually over a
large area until either finding and engaging penetrators
or using up their fuel. Under close control, a radar
sensor network detects bombers, charts tracks of each, and
uniformly allocates interceptors to engage the perceived

penetrators. By providing for false bomber tracks and

radar failures, as well as fairly detailed decoy and inter-

ceptor capabilities, the model explicitly treats the effects

, of confusion on the defense's command, control and sur-

veillance capabil..ties. The analysis includes a method for
determining the number of fighter-bomber encounters and
derives the number of iterations needed of a recursive
formula for bomber survival.

The limitations of PENEX are characteristic of all
aggregated models. By assuming the continuous processes

of a battle progress in discrete stages, they tend to
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ignore delays inherent in the systems. Treating time as
discrete also causes problems when input data is being
developed or when time-related output is desired.

PENEX assumes that penetrators are confined to
corridors and are identical in capabilities and tactics.
Although these constraints facilitate model development,
they can fail to reflect important variations in opera-
tional plans.

If the user is fully aware of the assumptions and
limitations, models like PENEX are attractive for several
reasons. It can yield information about many types of pos-
sible decisions such as choices between decoy types, the
best type of ECM or ECCM for low or high altitude penetra-
tion, and comparisons of standoff missile systems and dif-
ferent penetrating bomber systems, as well as assessing
the effects of different air defense strategies and capa-
bilities. It can also test a variety of sensitivities;
because it requires no replications for a given input case,
it can do so in much less computer time than a simulation

can.

COLLIDE. COLLIDE is a model first developed by the
Laibda Corporation in 1972 to estimate ECM effectiveness in
a bomber-interceptor engagement (Ref 11l). The primary
output it provides is Pdc’ the probability that an inter-

ceptor within maximum detection range of the bomber detects
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it and maneuvers (converts) to a missile-firing position.
The calculations are derived from a score of input param-
eters for aircraft and weapon performance, as well as the
specific angles of approach of the interceptor to the
bomber's path, and an assumed elliptical detection envelope
around the bomber.

COLLIDE is essentially an analytic counterpart of
one-on-one simulations like NORTAM, and has been used to
provide off~line ECM inputs to the APM. However, it has
been criticized for its highly simplified view of the
complex ECM game (Ref 7:27).

There is iittle agreement among analysts about how
to model ECM, and the difficulty in validating models such
as COLLIDE can permit some subjectivity. Nevertheless,
COLLIDE tends to be biased against the bomber, and equally
s0 against all bombers; thus it is reasonably fair in com-
parisons of different penetrators. Because the total effec-
tiveness of ECM for a number of bombers will be greater than
the sum of one-on-one estimates, one-on-one models such as
COLLIDE tend to be conservative in favor of the defense.
Again, relative numbers for making comparisons are more
important than absolute numbers, which one cannot be sure
are accurate.

COLLIDE is not a high-resolution model. 1Its major
utility is its flexibility for making comparisons. It

permits consideration of command and control system
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degradation, visual and radar detection, extensive aircraft
maneuvering, and different types of AAM systems. Further-
more, as a small-scale analytic model, it is much quicker

running then its simulation counterparts.

Other Analytic Models. PENEX and COLLIDE are two

analytic approaches which address different-sized por-
tions of the bomber penetration problem. This section
briefly describes some other analytic approaches to model-
ing bomber effectiveness issues.

The Stanford Research Institute (SRI), under con-

tract with the Defense Communications Agency, developed the
Corridor Penetration Model (COPEM) in 1971 (Ref 12).
Similar to PENEX, COPEM estimates penetration probabilities
for a group of bombers attempting to penetrate through a
corridor defended by a group of fighter-interceptors.
Its unique feature is the assumption that the underlying
stochastic process representing the number of intercepts
possible in a time interval following a bomber detection
is a time-dependent Poisson process.

ENROUTE is a computerized probability model devel-
oped at General Research Corporation (GRC) as an aid for
computing CMCA effectiveness against forward-based inter-
ceptors assisted by AWACS and also against ship-based
SAMs (Ref 5). Widely used by ASD, it estimates the proba-

bility of CMCA survival and the fraction of the cruise
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missile payload that is successfully launched before the
CMCA is killed. ENROUTE can be used to evaluate various
levels of interceptor performance and numbers, the CMCA
defense concepts, including BDMs. ENROUTE is of particular
relevance to this thesis, and will be discussed more deeply
in the next chapter.

In 1968, Clifford D. Fawcett and Chester G. Jones
of ASD developed a many-on-many model of engagements
between bombers with BDMs and/or decoys, and interceptors
capable of several multi-pass sorties during a battle
(Ref 4). The model uses a modified Lanchester difference
equation to determine the attrition of the forces, and then
calculates the expected number of targets reached by at
least one bomber. Their analysis assumed that bombers
never run out of defensive missiles, causing them to per-
form a Monte Carlo simulation to derive the number of BDMs
the bombers must carry for the analytic model to yield
valid results--an interesting example of complementary uses
of simulation and analytic techniques.

Another interesting approach to bomber penetration
is a Markov-type model developed by Lulejian (Ref 9). It
estimates survival probabilities for a group of bombers
penetrating an air defense which includes an AWACS, but

without effective SAMs, AAA, or GCI radar coverage. Its

key assumption is that the bomber penetration process can




be divided into short disctete time intervals and modeled

as a Markov process.

Relative Advantages of Simulation
and Analytic Models

The aforementioned bomber penetration models illus-
trate that there are many differences among and between
simulaticn and analytic models. Some of the benefits and

costs of both types will be discussed in this section.

The Value of Simulations. The benefits from simula-

tion modeling are products of the great detail with which
simulations can represent subject systems and forces. The
unique depth of resolution that simulations may provide
frequently inspires greater confidence in their results
than in those of corresponding analytic mocdels. However,
this is not the primary value, as some have previously
noted: "The purpose of simulation is insight, not numbers
[Ref 8:238]."

The inclusion of many system components in simula-
tions gives such models a capacity for extensive experi-
mentation, which may reveal the nature of previous unclear
interactions to the analyst. Furthermore, in contrast with
expected-value models, simulation results can display some
of the randomness and variation of key processes in a

system.
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The Value of Analytic Mode's. For a given problem,

an analytic model should be sought whenever possible, since
it can "evaluate the performance with minimal efforts and
costs over a wide range of choices in parameters and con-
figurations (Ref 10:18]." Thus, the cost and flexibility
of use 1s the clearest advantage of analytic models over
simulations.

If the analyst is interested in only the mean value
of some measure, an analytic model is clearly preferable
to a simulation; the latter is inefficient if only a small
portion of its output is of interest. Most simulations
require many replications to generate significant results,
while analytic models require a single run. Thus, with
more responsiveness and a generally faster running time,
an analytic model is a much more efficient tool for evalua-
ting sensitivities.

Analytic models also require less detailed input
than simulations, saving both time and money. In addition,
a simulation is very costly to create and debug, and cannot
be developed as quickly as an analytic model. An extreme
example of this is the three years required to make the
APM operational.

In spite of the economy of analytic models, they
cannot always be applied to a problem. If the subject
system is extremely complex, the insight required to ade-

gquately model it analytically may not yet exist. Even if
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the system is understood completely, and simplifying
assumptions are made, the resulting analytic model may be
mathematically untractable. A simulation may be the only

alternative.

Complementary Roles. The reason for comparing

simulations and analytic models is not to choose a "best
type" of model. The credibility and insight from detailed
simulations, combined with the practicality of aggregated
analytic models, gives the two classes complementary
features which can make them a synergistic set of method-
ologies.

In a hierarchical approach, an analytic model can
be validated through comparisons with large-scale simula-
tion results (Ref 8). 1In some cases, a curve can be fit
to simulation outputs and then used as an analytic func-
tion of some difficult-to-model relationship. The ana-
lytic model can then be used more credibly. Furthermore,
comparisons with simulations can clearly inform the ana-
lyst of the analytic model's limitations.

Conversely, if an analytic model provides results
very close to a simulation's, it may be found that some
elements unique to the simulation are irrelevant to the
problem. In large studies, a relatively valid analytic

model can also weed out obviously inferior alternatives
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in a problem, and then only the remaining ones would be
compared via simulation,

Many limitations of models are not limitations of
the corresponding types of models--invalid models can come
in any type. Although simulation models tend to resemble
reality more than analytic models do, the apparent validity
can be deceiving. Even complex simulations must make
assumptions, but these can be so numerous that many are
hidden or undocumented; the analyst may be unaware of them
all.

A complementary role of small-scope to large-scope
models can be briefly summarized. The designer or user
of an aggregated simulation or analytic model may desire
additional insight, or realistic input parameter values,
for some process such as radar reliability or missile kill
probability. Such data is not always available from experi-
mentation, so detailed modeling (simulation or analytic)

of the small scenario is usually done externally.

Summary
It should be remembered that "models do not analyze

anything. Analysts analyze, and models can help them in
their task {[Ref 6:7]." Modeling is only one of the aids

to analysis. However, the choice of models used in a study
can affect both the quality and quantity of information

the decision makers receive. Therefore, care should be
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used in weighting the value of insight gained through
alternative models and the resources required by their use.
In addition, the analyst should be aware that new mcdeling
may be needed to appropriately address the defined problem.
The next chapter describes the key features
required of a model for studying the effectiveness of ECM
and BDMs as aids to a CMCA force penetrating an AWACS FAD.
Subsequent chapters will present two new models of utility
for addressing this issue. Their development will illus-
trate the separate and combined values of simulation and

analytic modeling.
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III. Modeling the Use of BDMs Against the FAD

For studying the bomber effectiveness issues
described in Chapter I, most bomber penetration models are
relevant to some degree. They all feature an offense of
one or more bombers encountering a defense of one or more
penetrators, and together they contain the range of assump-
tions and techniques considered reasonable or useful in
previous modeling efforts. The emphasis of this chapter
is on describing how the FAD is modeled, with regard to
the four major study elements for this thesis: BDMs, ECM,
cruise missiles, and AWACS controlled interceptors.

Of the simulation models described thus far, the
APM and the SPEED and ACE models encompass all four ele-
ments; of the analytic approaches, only ENROUTE does so.
The major assumptions in SPEED and ENROUTE will be described

to illustrate simulation and analytic modeling of the four

key aspects of the FAD problem. O0Of the simulations, SPEED
is chosen because it is widely used by the Air Force, par-
ticularly at ASD.

Before discussing specific models, the key factors

in CMCA effectiveness against the FAD are identified.
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Factors in CMCA Effectiveness

The air battle between bombers and the AWACS
defense can be analyzed as a dynamic system. The scenario
can be decomposed into the significant processes and ele-
ments affecting three measures of offensive success:
bombers surviving, ALCMs launched, and ALCMs surviving.

The three quantities are defined as follows:

Number of Bombers Surviving. "Surviving” bombers

are the CMCAs which are no longer in AWACS radar range and
will not be intercepted by an Al assigned to an AWACS CAP.
They are assumed to have penetrated to the next phase of

enemy defenses.

Number of ALCMs Launched. This result is the total

number of cruise missiles dispensed from bombers to become
separate penetrators. It 1s also a measure of the average
distance CMCAs penetrate before being killed, and depends

greatly on ALCM range.

Number of ALCMs Surviving. Because the defense

may attempt to shoot down cruise missiles already launched,
"surviving" means the same thing for ALCMs as for bombers.
There are many interactions between offensive capa-
bilities, defensive capabilities, and events in an air
battle, as shown by the causal loop diagram in Figure 1.

This diagram was developed by isolating each pair of
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elements and drawing an arrow if an increase in one directly
affected change in the other. A plus (+) at the end of

the arrow denotes a positive effect; a minus (-) indicates

a negative influence.

The complexity of the system makes it difficult to
model. 1If a key element is not modeled, its effects are
lost from the analysis; however, some important elements
may be included in larger elements, in the manner that
bomber hardening might be encompassed by the enemy's AAM
kill probability. Therefore, the art of modeling involves
simplifying the scenario and the number of model elements,
while still retaining the factors which most influence the
quantities of interest.

The two factors which influence bomber effective-
ness the most against the FAD are the number of interceptor
engagements and the probability of surviving engagements
which do occur. Hence there are two basic approaches to

improving bomber effectiveness.

Reducing the Number of Engagements. There are

three general tactics the offense can employ to reduce the
number of engagements it must survive.

1. Decrease each penetrator's time in coverage.

Less intercepts may be attempted against a bomber if detec-
tion tactics such as ECM and low altitude penetration delay

the first intercept attempt. The effect of these tactics
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is to decrease the range at which radar detection occurs
or to create uncertainty about the penetrator's position.

2. Reduce the probability of engagement per inter-

cept attempt. Even if the defense knows the approximate

position of the penetrator, some attacks may be avoided by
using ECM specifically designed to jam interceptor radar.

3. Saturate the defense. If the defense perceives

a greatly increased number of penetrators, the number of
intercepts performed against each one will probably
decrease; furthermore, if the defense cannot distinguish
between different penetrator types, some of the most impor-
tant ones may not be intercepted. This is the motivation
behind the use of decoys, waves of bombers, and to some

extent, ALCMs.

Increasing the Survival Probability per Encounter.

If the enemy's fighters have difficulty shocting down the
bombers they intercept, then reducing the number of engage-
ments becomes less important. This is the value of bomber-
defense missiles designed to either kill the fighter before
it can attack or detonate the fighter's missiles after they
are launched but before they arrive. Similarly, ECM might
be used to jam the guidance systems of the AAMs.
A possible secondary effect of BDMs is to reduce

the number of engagements in the long run by attriting the

interceptor force.
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A possible third approach to increasing bomber
effectiveness is to decrease the required penetration dis-
tance by developing longer-range ALCMs to be launched
sooner. However, the value of this tactic is unclear; it
assumes that a bomber will not attempt to penetrate after
launching all of its ALCMs. The chances of survival for

each ALCM may also be reduced if they must travel further.

Tradeoffs. In addition to cost limitations, there
are obvious constraints for the number and level of capa-
bilities a bomber can have. The addition of ECM or BDMs
usually displaces a portion of the lethal payload intended
for strategic targets. Furthermore, the added weight may
adversely affect aircraft performance.

Evaluating such tradeoffs involves cost-effectiveness
analysis, and the "effectiveness" part of the study usually

involves models such as SPEED and ENROUTE.

Assumptions in SPEED and ENROUTE

: The appropriateness of SPEED and ENROUTE for study-
ing the contribution of BDMs to bomber effectiveness
against the FAD depends in part on the assumptions the
models represent. The major assumptions of both models
are discussed in five categories: bomber defense missiles,
electronic countermeasures, ALCMs, the AI assignment policy,

and the CAP replacement policy.




Bomber Defense Missiles. Two types of lethal

defense missiles have been provided for in the APM, SPEED,
ACE, COPEM, Markov, ENROUTE and the Fawcett-Jones model.
The two types are short-range BDMs (SRBDMs) which are used
to destroy fighter-launched AAMs before they can reach the
bomber, and long-range BDMs (LRBDMs) which can kill an
interceptor before it launches its AAMs. Strategically,
the LRBDMs have two advantages over SRBDMs: less are
required and the oppesition is also attrited. A proposed
third type is massive BDMs to be fired at SAM sites or
AWACS from outside of their radar range. This type of BDM
has not been featured in many penetration models.

SPEED does not explicitly model BDMs, while the APM
and ACE do. However, one may attempt to represent them in
SPEED by reducing the fighter Pk to reflect BDM effective-
ness against AAMs or AIs, and interceptor attrition due to
LRBDMs may be modeled by artificially reducing the AI inven-
tory.

ENROUTE models both types of BDMs. The number of
attacks that a CMCA must survive to penetrate the FAD is
calculated to be the expected number of engagements in which
the AI is not killed by a LRBDM, given prior calculation of
the number of engagements Als will attempt with the CMCA.
This number is identical for each bomber. When a sur-
viving AI launches its AAMs, a salvo of SRBDMs is launched

with an input probability of killing all of the AAMs.
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One limitation of ENROUTE is that the number of
BDMs carried by a bomber cannot be input by the user. The
bomber is assumed to carry exactl§ enough BDMs to be armed
for all its engagements and for all the AAMs launched
against it. The expected numbers of BDMs required are
calculated, and are assumed to be the same for each CMCA.
The maximum number of cruise missiles carried can be user-
specified, but the model automatically reduces this supply
by the number of ALCMs equivalent in weight to the calcu-

lated BDM requirement.

Electronic Countermeasures. ECM modeling for pene-

tration models falls into two categories: effects on AWACS
capabilities and effects on AI performance. In SPEED,
penetrators with ECM cause a jamming strobe on the AWACS
radar scope as soon as they are within line of sight. Then
a range for burnthrough or clear (no ECM) detection is pro-
vided, based on a user-specified detection criteria. It is
a function of the penetrator's ECM modules and radar cross-
section (RCS), the type of AWACS radar, and which of five
aspect angle segments the penetrator is at with respect

to the AWACS radar. Although AIs can be vectored along a
strobe before burnthrough detection of a penetrator, the
interception time is assumed to be 10 percent longer than

it would be if the penetrator's precise location is known.




In analytic models such as ENROUTE, the effect of
ECM is usually to reduce the radius of a detection range
circle centered at the AWACS. This is a more simplistic
view of ECM than SPEED's, but the results of the treatments
are essentially the same; more powerful ECM reduces the
number of possible intercepts made per bomber, by denying
the defense information about the bomber's position.

The modeling of ECM effects on Als is more straight-
forward, although not necessarily more accurate. In both
SPEED and ENROUTE, ECM used against fighter radar reduces
the input probability of encounter (also called detection
and conversion). In addition, the AAM kill probabilities
are degraded by certain types of ECM. 1In SPEED the input
parameter for ECM performance may differ for each inter-

ceptor type and for each altitude segment.

Al Assignment Policy. The policy for assigning

Als to pursue penetrators is a critical part of any pene-
tration model. 1In SPEED the closest AI to a given pene-
trator is vectored to it, and the intercept attempt begins
whenever AWACS detects a clear, burnthrough, or strobe
target and has an Al available. Reassignment of an AI
already performing an intercept is possible if a higher
priority target is detect. In ENROUTE, fighters are
assigned to clear or burnthrough targets, but no "strobe-

riding” is performed. Both models permit the user to
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establish a limit to the number of simultaneous inter-
cepts an AWACS can control.

Bomber penetration simulations, and a few analytic
models, frequently assume that a single interceptor is
assigned to a penetrator, apparently because multiple
fighters per engagement is regarded as inefficient. This
is true of ENROUTE, but SPEED allows Als to be assigned
in pairs or alone. 1In contrast, more aggregated models
such as PENEX and the Markov Model assume that all avail-
able interceptors are uniformly or randomly distributed

among the bombers in the corridor.

CAP Maintenance Policy. A dominant feature in any

Forward Air Defense model is how the AWACS network is
assumed to utilize the interceptor force. Both SPEED and
ENROUTE can represent several AWACS aircraft positions
(stations). In SPEED, two types of AWACS can be input with
different radar and vectoring control capabilities. Each
AWACS orbit is defined by the two endpoints of its patrol
line, and overlapging radar coverage is possible. 1In
ENROUTE, only one type of AWACS is represented. The AWACS
orbit is a single point, and each station can be at a dif-
ferent standoff range from the coast. The spacing between
stations is a user-provided constant. If the amount of

spacing results in overlapping radar coverage, the user
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can opt to have calculations based on a continuous strip
of radar coverage instead of a chain of circles.

In both models an input number of fighter inter-
ceptors is assigned to each AWACS, with a portion initially
located on CAP at the AWACS orbiting position. SPEED
assumes each AWACS has its own inventory of several types
of fighters, which are sent individually to replace Als
when they are assigned to penetrators from CAP. Each AWACS
has a base for its own interceptor force, but it can also
use AIs from other sites if its airbase is destroyed. 1In
ENROUTE, up to five types of fighters can be input by the
user for each AWACS. A single base holds the spare fighters
for each CAP, and all bases are assumed to be the same
distance inland.

In both models, loitering of Als is possible only
at the location of the AWACS CAP. 1In SPEED, Als attempting
engagements are returned to CAP only if they failed to
encounter the target and also have sufficient fuel remain-
ing for additional intercepts. ENROUTE returns the Als
to CAP differently, calculating a constant number of
fighters on station and specifying a maximum number of total
engagements that can be performed by each class of fighters.

In contrast to the APM and the ACE models, SPEED
does not model the recycling of an AI to the airbase and
then back to the battle. 1In some cases the initial AI

inventory can be adjusted to reflect a portion of reusable
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Als, but this is a significant limitation of SPEED. In
many scenarios the duration of the air battle may be much

longer than the time required to recycle.

Summary and Possible Extensions

Both SPEED and ENROUTE are thought to be reason-
ably valid, and both have been used recently by ASD to
study problems involving an AWACS forward air defense,
BDMs, ECM, and ALCMs. SPEED's scope includes a large part
of the traditional strategic penetration mission, but it
also models most aspects of the FAD with greater detail
than ENROUTE. On the other hand, ENROUTE is a faster-
running analytic model designed specifically for FAD
issues, permitting rapid generation of expected value out-
puts for many excursions.

SPEED, ACE and the APM can be used to study BDMs
as an alternative to other penetration aids such as ECM.
However, they are each complex simulations requiring a
considerable amount of computer time; furthermore, the fact
that they are campaign models with broad scenarios and
many elements other than the FAD can make them relatively
unresponsive to minor changes in BDM capabilities. A new
simulation model can have unique utility for certain prob-
lems if it is designed to focus on the specific factors
expected to affect CMCA performance against the FAD. Such

a model is presented in the next chapter.
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As far as the thesis research could discern, ENROUTE

is the most appropriate analytic model existing for study
of BDMs against the FAD. However, it has several limita-
tions in this area:

1. ENROUTE assumes that all bombers have the same
probability of survival, regardless of how many bombers
have preceded each one in the battle. However, the
effects of Al attrition due to BDMs will probkably favor
the later bombers to enter the battle.

2. The time each penetrator spends in coverage
significantly affects its probability of survival. This
time interval can vary in length for identical penetrators
with different flight paths, yet ENROUTE uses a constant
time in coverage for its estimation of this measure.

3. ENROUTE does not consider the possible deple-
tion of a bomber's BDM supply, and because the number of
ALCMs carried is determined by the model rather than the
user, it lacks the flexibility to evaluate BDM-ALCM trade-
offs in much depth.

An analytic model with more extensive treatments

of these issues is presented in Chapter V.
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IV. A Q-GERT Model

This chapter describes the development of a simula-
tion model for studying counter~-FAD options. First the
conceptual model is explained and the major assumptions
are identified. Then the computerized Q-GERT network is
presented, and the results to be generated by the model
are listed. Finally, the methods used to verify and vali-

date the model are reported.

The AWACS Corridor

The model is based on a corridor concept, as illus-
trated in Figure 2. The scenario begins for each bomber
when it enters the corridor at an imaginary line 1500
nautical miles from the enemy coastline. Proceeding in a
straight line parallel to the corridor sides, the bomber
begins to launch ALCMs at a user-input distance RALCM from
the border. After an initial lateral displacement from
the bomber, the ALCMs are assumed to travel in straight
parallel paths.

No ALCMs are launched prior to entering the corri-
dor. The time between successive launches is a constant.

A minor modification would allow the model to consider

bombers with different target sets.
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Fig. 2. AWACS Corridor Concept
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A single AWACS aircraft is positioned somewhere
within the corridor. Although an actual AWACS would patrol
along a short line segment roughly parallel to the border,
the model assumes it is located at a stationary point a dis-
tance SR (for standoff range) from the coast.

Associated with the AWACS is a single fighter base
which refuels and reloads the interceptors utilized by the
AWACS. The base is a distance Rb inland directly behind
the AWACS center point. A portion of the interceptor inven-
tory is assumed to be stationed at a single combat air
patrol (CAP) point, located at the AWACS orbiting point.
Operationally ready fighters are sent from the base to the
CAP when requested by the AWACS. The distance from base
to CAP is always Rb plus SR.

The width of the corridor and the position of the
AWACS within it are user-specified. A coordinate system
is established to facilitate the play of geometry in the
model (Figure 3). For each of calculations, the model
places the AWACS at the origin, and establishes coordinates
(Y-values) for the bomber entry line, and ALCM launch line,
and the position of the base according to the input value
of SR. The right and left boundaries of the bomber corri-
dor are specified by the input parameters XL (a negative
number) and XR' respectively.

For the cases studied in Chapter VI, the scenario

consists of a single representative corridor with the AWACS
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centered in it, such that XL equals -XR as in Figure 3.

The width of the corridor, ZXR, equals the maximum diameter
of the AWACS detection zone, approximately 500 NM. This
corresponds to the line-of-sight clear (no ECM) detection
range for low-flying (500 feet) bombers, given that the
AWACS is at an altitude of about 40,000 feet. This feature
permits assessment of the value of ECM and RCS reduction

by decreasing the effective detection range. Penetrators

outside the effective range are undetected by the AWACS

and hence are not engaged by interceptors.

Major Simplifying Assumptions

The corridor penetration scenario can be modeled
as a set of six component processes:

1. The Bomber Entry Process

2. The ALCM Launch Process

3. The AWACS Detection Process

4. The AI Allocation Process

5. The Terminal Engagement Process

6. The CAP Maintenance Process

The general interactions between these components
are depicted in Figure 4. The six processes serve as a

guide for classifying the major assumptions of the model.

Bomber Entry Process. Bombers are assumed to cross

the corridor threshold according to an exponentially dis-

tributed interarrival time truncated at sixty minutes.
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The user-specified mean time between arrivals can be cal-
culated as the time between the first and last bombers
divided by N-1, where N is the number of bombers. A
bomber's entry point follows a uniform distribution from
XL to XR.

Bombers are homogeneous, fly at the same altitude,
and travel at a constant speed VB through the corridor.
They are assumed to gain little by alterinc a straight line
course while penetrating the FAD.

Bombers carry identical payloads with a maximum of
twenty ALCMs. Each pair of BDMs loaded (the number of
BDMs per bomber is an input parameter) decreases the cruise

missile load by one. Both the maximum ALCM locad and the

BDM-ALCM tradeoff rate can be adjusted by the user.

ALCM Launch Process. A bomber begins launching

cruise missiles as soon as it is a distance RALCM from the
coastline. The missiles are dispatched at a constant rate
of one every ten minutes, based on the assumption that:

(1) the distance between the closest and farthest missile
targets is about 1200 NM, (2) the target distances are
roughly evenly spaced, (3) an ALCM is launched as socon as
it is within range of its designated target, and (4) the

bomber is flying at about 360 NM/hour, or six miles per

minutes.
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ALCMs are each assumed to fly at the same low alti-

tude at a constant speed, V At launch the ALCM is

A
instantly displaced laterally from the bomber according
to a uniform distribution from -10 to 10 NM. It then pro-

ceeds parallel to the bomber path.

AWACS Detection Process. A bomber is assumed to

appear on AWACS radar when its course intersects an

imaginary circle of radius R centered at the AWACS.

DET
Surviving bombers are lost from radar coverage when they
cross the back side of the circle. RDET is the average of
the detection ranges in all directions. It is provided by
the user based on bomber altitude, RCS and ECM capabili-
ties against the AWACS radar. Cruise missiles are detected
by the AWACS when they interscct a smaller circle of radius

RDCM centered at the AWACS. No penetrators are lost to

coverage until they exit from their respective circles of

coverage.

AI Allocation Process. The defense will attempt to

intercept both bombers and ALCMs while they are in radar
coverage, but bombers are higher priority targets (each
bomber is probably still carrying several ALCMs). The
AWACS mistakes ALCMs for bombers with probability PAMB'
Thus, available AIs on CAP are assigned first to bombers

and ALCMs not distinguished from bombers, and then to

known ALCMs. Penetrators appearing to be the same type
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are treated on a first come, first serve basis. Inter-
ceptors are not assigned to a penetrator once that pene-
trator has left coverage.

The AI chosen for allocation to a penetrator is
the one on CAP with the least amount of available fuel.
No fighters attempting to intercept a penetrator are
diverted to a different one. A single AI is assigned for

each intercept.

Terminal Engagement Process. During an intercept

attempt, an AI is vectored to the vicinity of the pene-
trator, where it locates and engages the target with proba-

bility E, if the target is a bomber, and EA if the target

1
is an ALCM. If the intercept point is out of AWACS radar

coverage, El (or EA) is multiplied by an exponential degrade

factor e At

, where At is the time from the penetrator's
departure from coverage to the moment it would have reached
the projected intercept point.

If an ALCM is located by an AI, it is assumed to
be successfully killed by AAMs. The duel between fighter
and bomber is more complex, and is illustrated by the net-
work in Figure 5. The model assumes the bomber's defensive
missiles have a kill-before-launch capability against the
interceptor. This means that the BDM range is enough

greater than the AAM that when an AI is killed it is not

yet close enough to the bomber to fire its own missiles.
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Fig. 5. Network of Engagement Process
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A BDM is fired only if: (1) the AI begins to make a pass
(probability = El)’ (2) the bomber sees that an inter-

ceptor pass is forthcoming (probability P ), and (3) the

bdi
bomber has not depleted its BDM inventory. The BDM kills

the fighter with probability Kb'

A surviving AI will attempt a head-on pass in

which it will fire two AAMs with a combined kill probabil-

e

ity of K If the bomber is not killed, the AI will

1
reengage with probability E2, attacking from the rear. On

a reengagement, the bomber gets the first shot if it still i
has missiles. If the AI survives this attack, it fires

its last two AAMs with combined kill probability Kz.

CAP Maintenance Process. Fifteen fighters are

assumed to be on CAP when the first penetrator is detected.
This number can be easily adjusted by the user.

When an AI is assigned to a penetrator, an inter-
ceptor takes off from base to replace it, provided one is
available in reserve. After the initial reserve of inter-
ceptors is depleted, AIs recycle to and from the base,
spending only the service time TR on the ground. The
number initially at the base is user specified.

Als reaching a model-calculated maximum time on
CAP are returned to tﬁe base. They recycle to CAP after
a constant interval which includes the round trip cruise

time. This maximum time on CAP is calculated so that any
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Al still on CAP has sufficient fuel to perform the longest
intercept and still recycle.

Fighters loiter only at the CAP, which is colocated
with the AWACS. Als attempting intercepts are returned to
CAP only if: (1) they fail to engage a penetrator, and
(2) they have sufficient fuel remaining for additional
intercepts. Any AI engaging a penetrator and surviving is
assumed to have used at least half of its AAMs, and no AI

will return to CAP unless it is fully armed.

Computerization

After the necessary assumptions about the key pro-
cesses were made, the conceptual model was refined with a
Q-GERT network which could be translated directly into
code.

Bombers, ALCMs and interceptors are modeled as
transactions generated in the Bomber Entry, ALCM Launch,
and CAP Maintenance processes, respectively. Penetrators
enter a defense queue after detection, and await the
arrival of interceptors at a separate queue. In the AI
Allocation Process, an interceptor transaction is combined
with the transaction at the front of the penetrator queue
for an intercept attempt. Survivors emerge again from the
Terminal Engagement Process as separate transactions.

The parameters required for calculations and for

system branching decisions are carried by the transactions
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as attributes. Documentation of the model, including a

listing of the code, is provided in Appendix B.

Qutput Results Provided

For each input case, the simulation can generate
estimates for the three numbers which measure offensive
effectiveness: bombers surviving, ALCMs launched, and
ALCMs surviving. The same standard deviation of each

estimate is also calculated.

Other Results Possible. Additional insights can

be obtained from model runs. For example, the Q-GERT

var iable NTC (NODE) records the number of transactions
that have passed through NODE. This variable can be used
to output the total number of engagements, the number of
interceptors killed, and the frequencies of other events
of interest.

In addition, the Q-GERT Analysis Program allows
the user to obtain, from one or more simulations, extensive
statistical summaries of designated events and activities
(Ref 16). Examples are the minimum and maximum numbers
of penetrators in coverage, and the average waiting time

by detected penetrators until AI assignment.

Vverification and Vvalidation

In an attempt to verify that the model simulated

what it was intended to, traces of several runs were
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inspected for erxrrors. Hand calculations were performed
and found to conform to user function computations. Data
and transactions were tracked manually through the network,
confirming that the assumptions of the conceptual model
were met in the simulations.

Measures were taken to evaluate the model's face
validity. Common sense suggests that certain changes in
input parameters should alter the outputs of the model
in certain directions. Using the causal-locp diagram in
Figure 1 as a guide, a list was made of parameters which,
when increased, should improve bomber survivability.
Another list was made of defense-~favorable inputs. Some

of these two types are listed in Table 1.

TABLE 1

EXPECTED EFFECTS OF KEY PARAMETERS

Pro-Bomber Pro-Defense
Vs Vi
KB KIandK2
Pepr Ey
# of BDMs/bomber E2
Treye = Al recycling time # of AI
Ry RpET
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A base case was established for the input param-
eters and 20 replications were performed to estimate the
number of bombers surviving. Then a sequence of 12 excur-
sion cases was run with 10 replications per case. In each
excursion case only one of the above parameters differed
from its base-case value. All comparisons of the average
output to the base-case estimate showed the difference in
the expected direction.

validating the simulation model is difficult in the
absence of applicable real-world data, but care was taken

to incorporate ouly believable or acceptable assumptions.

The major assumptions were based on precedents or analogues
in recently published studies and models. This fact was J
confirmed during discussion of the mcdel with an Air Force

analyst specializing in strategic studies (Ref 20).

Broader Applications

The user may wish to study a scenario involving

penetration of enemy defenses with multiple bomber corri-
dors and many AWACS at once, as in Figure 6., Some of the
AWACS may have overlapping radar coverage, and more than
one fighter base may support a given CAP. The model can be
used for such a study if the analyst divides each corridor
into narrower subcorridors, so that the latter each contain
a single AWACS. For example, corridors I, II and III

{Figure 6) can be subdivided as in Figure 7. Then the
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Hypothetical Multiple-Corridor Scenario
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number of bombers traveling through each subcorridor can
be specified, and the results of the entire campaign can
! be estimated as the sum of independent runs of the model
for each subcorridor. Fighters supporting a group of AWACS
in a large corridor can be split equally among the CAPs,
and a single base can be assumed for each CAP with distance

SR plus R_ eqgual to the weighted average of the distances

B
from the supporting bases to the CAP.

Summar

The Q-GERT model can be used to rank alternative

mixes of BDMs and ECM capabilities. This will be shown

in Chapter VI, where this model will also be compared to 3

the analytic model developed in the next chapter.
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V. An Analytic Model of the FAD

This chapter describes the development of a mathe-
matical model for evaluating CMCA effectiveness against
the forward-based AWACS defense. First the approach taken
to estimating three measures of the effectiveness is sum-
marized, and then the sequence of computations comprising
the model are explained. The computerization of the model
is briefly described, and the validation efforts are

reported.

Modeling Approach

The analytic model estimates the same three mea-
sures of effectiveness that the Q-GERT model provides:

1. Expected Number of Bombers Surviving

2. Expected Number of ALCMs Launched

3. Expected Number of ALCMs Surviving

The development utilizes the same corridor concept
and coordinate system as the Q-GERT model (Figure 8), and
the assumptions are the same except when otherwise stated.

The essential gquantity estimated by the model is
b’ where Nb is the number of bombers
entering the corridor and P(i) is the probability that the

P(i), i =1,2,...N

ith bomber to enter penetrates the AWACS defense. It is

calculated separately for each bomber, because the number
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of fighters available, and the number of penetrators in
coverage for the defense to attack, varies according to
when a bomber enters the battle. Hence the average level
of saturation may differ for each detected bomber's time
in coverage, implying that the threat is greater for some
] bombers than for others.

The number of bombers surviving and the total
number of ALCMs launched are estimated from the values of
P(i); furthermore, estimation of the number of ALCMs sur-
viving follows directly from measures taken to calculate
P(i). P(i) is derived through five major steps.

Step 1. The first major quantity estimated is the
probability Ps(j) that the bomber survives, given that the
defense can make j attempts (engagements) to kill it.

Ps(j) is based on the same engagement scenario assumed in
the previous chapter, and also on the number, M, of BDMs
; carried. Because a bomber may deplete its BDM supply,
probabilities of surviving a single engagement are calcu-
! lated for three cases; i.e., when the bomber has zero, one,
or at least two BDMs available. Ps(j) is used to estimate
the expected number of engagements the defense must perform
to kill a single bomber; hence, it is used in computing
the effects of defense saturation on other variables in
the model. Later, Ps(j) is again used in the final calcula-

tion of survival probability, P(i).
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Step 2. The next major variable estimated is
Epic(i), the expected number of penetrators-~-bombers and
ALCMs--in coverage during the ith bomber's passage through
the FAD, assuming initially unlimited Al availability on
CAP. It is cdetermined from the average time between pene-
trator arrivals and also from the estimated time the pene-
trator is in coverage. Time in coverage is the minimum
of the time needed to fly through the detection zone and
the average time required for the defense to kill the pene-
trator; the latter depends on Ps(j).

Step 3. Third, the average number Nai(i) of inter-
ceptors alive during the ith bomber's time in coverage
is estimated, permitting approximation of the number avail-
able to perform intercepts. Expected interceptor attrition
is computed based on the number of engagements performed
per bomber, which in turn depends on the level of defense
saturation by the offense. The ratio of Epic(i) to the
number of fighters available on CAP leads to Edlay(i)' the
estimated delay between intercepts attempted on the ith

bomber. (i) allows the model to capture the effects

Edlay
of saturation on the defense.

Step 4. Next a probability distribution, Pni(i,k),
is derived for the number, k, of intercepts possible on the
ith bomber. The bomber's entry point x is assumed to

follow a discrete uniform distribution across the width

of the corridor. For each value of x, Edlay(i) is used to
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calculate the expected maximum number of intercepts
against the bomber. This expectation is then used to cal-
culate Pni(i,k).

Step 5. Finally, P_.{i,k) is used to find the
probability distribution, Pne(i,j), for the number j of
engagements possible against the ith bomber. This allows
combining Pne(i,j) and Ps(j) into an expression for P(i).

Because of the importance of times between inter-
cepts in the analysis, the expected intercept time was cal-
culated separately for each value of x. The calculation
flow of the model is illustrated in Figure 9. The estimates

marked with asterisks are recalculated for each bomber.

Extensions over ENROUTE

The model has three significant features not found
in ENROUTE. First, the number of BDMs carried is calculated
by ENROUTE for the purpose of computing the number of cruise
missiles offloaded, based on the expected number of
encounters per CMCA. In doing so, ENROUTE assumes that the
bomber is armed with BDMs for each encounter. It does not
permit the user to input the number of BDMs (Ref 5). 1In
contrast, the model reported here includes possible BDM
depletion, permitting the user more flexibility to compare
payload mixes.

A second major difference from ENROUTE is in the

manner in which the number of engagements per bomber is
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calculated. ENROUTE utilizes a constant value for CMCA

time in coverage and a single value for the average time
between AI engagements (Ref 5)., The model conditions time
“ in coverage and intercept times on the lateral position X
of the penetrator in the corridor, and then calculates
overall distributions based on a discrete uniform distribu-
tion of X.

The third major difference between this model and
ENROUTE is that bombers are treated separately, and may
have different probabilities of survival according to their
arrival times. In ENROUTE, all bombers are independent
and are treated identically (Ref 5). Hence, the extensions
in this model may permit better assessment of AI saturation
and attrition effects which may occur towards the end of
the battle.

It is important to note that ENROUTE has advan-
tages over this model in some cases. ENROUTE models

multiple fighter types and AWACS kills by BDMs. In addi-

tion, its scenario includes multiple AWACS aircraft and the

added threat of ship-based SAMs in the FAD.

Model Development

The derivation of the model's estimates is reported

in the sequence that computations are performed.

Finding gs(j). The probability that a bomber sur-

vives given j Al engagements depends upon how many BDMs
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P

the bomber has for each engagement. It is derived from

the engagement scenario in Figure 10. An engagement is
said to occur whenever an AI that has been vectored to the
vicinity of a bomber succeeds in locating the target and
performing at least one pass in which he will fire AAMs
if not killed first by a BDM.

Consider an engagement in which the bomber has no
defense missiles. The AI will attempt to kill the bomber
on two passes. Then the bomber's survival procbability for

the engagement, given at least one AAM pass is

Sp = Pr{AAMs ~iss on first shotlx[Pr{no second pass}

+ Pr{second pass}Pr{AAMs miss on second pass}]

(1-K,) [1-E2+E2(1—K2)] (1)
where
Ky, K, = Pr{AAM volley kills bomber} on the first
and second passes, respectively, and
E, = Pr {AI converts to a second pass, given

that both sides survived the first}

If the bomber begins an engagement with a single
BDM, he attempts to fire it on the first AI pass. If he
fails to detect the fighter in time to fire the BDM then
he is certain to fire on the second pass, providing he sur-
vived the first pass and there is a second pass. Hence his

survival probability given at least one AAM pass is
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Sl = Pbdi[Kb+(l—Kb)so] + (1-Pbdi)a (2)
where
% = (l-Kl)[l-E2+E2[Kb+(l-Kb)(l-Kz)]), (3)
Pbdi = Pr{bomber detects interceptor in time to fire

BDM on first pass}, and

Pr{launched BDM kills AI}.

Fel
]

Consider next the case in which the bomber has at
least two BDMs. Because the Al will make at most two
passes, the bomber will fire no more than two BDMs. If
52 is the probability the bomber survives this engagement,

then,

82 = Pbdi[Kb+(l—Kb)a] + (l-Pbdi)a. (4)

Thus the value of Ps(j) depends on how many of the
j engagements are of each of the three types.

The expected number of engagements a bomber can
survive and still have two BDMs is estimated by first calcu-

lating E the expected number of BDMs fired by a bomber

mEs2’
per engagement, given that he survived the engagement and
started it with at least two BDMs. Hence, using condi-

tional probabilities,
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E ¢ep = 1-Pril BDM was fired|bonber survived} + 2+ Pr{2 BDMs were
fired|bonber survived}
= Pr{ (Survived)"(Fired 1 BDM)} +Pr { (Survived)(Fired 2 BDMs)}
PriSurvived}
Thus,
Enfs2 = [Ppqy[Kpt (L1-Kp) (1-K)) (1-E )] + (1-Ppq;)8
+ 2Pbdi(l—Kb)8]/SZ, (Si<0)' (5)
where
B = (1-K|)E,[K_+(1-K_) (1-K,)]. (6)

Then the approximate number of engagements the bomber can

survive before having less than two BDMs is

E = M/E (7

nw2 mfs2’

where M is the initial number of BDMs.
The model assumes that the expected number of
engagements the bomber can survive before having less than

two BDMs is the integer part of Enwz’ or

N., = Int{Enw } (8)

2 2

The fractional part is not discarded; it is used to help
approximate Nl’ the expected number of engagements sur-

vived in which the bomber carries a single BDM initially.
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It is possible for a bomber to use his last two
BDMs in the same engagement, and thus begin no engagements
with exactly one defense missile. Note that the expected

number of BDMs left after the bomber has survived N2

engagements is

N,) (9)

E nfs2) = Emst(Enw2-‘2

bml M - NZ(E

I1f E is less than one-half, the model sets N

bml 1

equal to zero. Otherwise, Nl is calculated as follows.
Assume that the bomber has a single BDM before an engage-
ment. Then the expected number he fires given that he

survives is

E ¢g; = Pril BDM fired|bomber survives}

= Pr{bomber survives and fires 1 BDM}/Sl

= [P [Kb+(l—Kb)(l-Kl)[l-E +E2(1—K2)]]

bdi 2
+ (l-Pbdi)a]/Sl, (Sl>0) (10)

where a and B are found in (3) and (6), respectively. Then

N, = Int{l/E }, if

1 0. (11)

mfsl Enfs1”

The results derived thus far enable estimation of
the bomber's probability of surviving j engagements. The

desired function is
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As a check, note that if 82 = Sl = SO’ then Entk =

l/(l—SO), which is the mean number of trials till failure
(kill) for a geometric distribution.

Another key variable is S the probability an

I,
interceptor survives an engagement. Based on the same
engagement scenario used for SZ’ Sl and SO’ it is calcu-

lated as follows:

S, = (l-Kb) + (1-P_..))

I (pbdi bdi
(K +(1-K;) (1-E+E, (1=K, })]. (14)
The values of Entk and SI are used to compute Epic(l) and
NAI(i).
Finding gpic(l). The expected number Epic(i) of

penetrators (bombers and ALCMs) in AWACS coverage during
the ith bomber's attempt to penetrate the FAD is estimated
assuming an unlimited supply of interceptors on CAP.

Later adjustments are made for delays due to availability
0f interceptors. One part of this estimate is Ebic(i),
the sverage number of bombers in AWACS coverage during the

ith bomber's passage. E ic(i) is a factor in the satura-

tion of the defense. It is based on the bomber's expected

time in coverage and on the rate that bombers arrive in the
corridor.
Suppose that a bomber enters the detection circle

at lateral distance x from the center, and is at position
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(x,y) when a fighter leaves the CAP to attempt intercep-
tion. Recall that the CAP is located at (0,0) on the
coordinate axis, and that the bomber flies parallel

to the y-axis. If the speeds of the bomber and

interceptor are VB and V respectively, where VB<V

1’ I’

then the minimum time till intercept can be shown to be

-VBy +‘\/(x2+y2)VI2 - x2V 2

T.(x,y) =
I 2 2
Vi~ Vg (15)

Let R = the radius of the AWACS detection

Rdet’
circle for bombers. The bomber is detected when its path
first intersects the circle and leaves radar coverage when
it crosses the back side of the circle. Because x is
fixed, the bomber is detected if |x|<R, and the value of

2 to -'\/Rz-x2 while in the detec-

y can range from \/Rz—x
tion zone. Then the expected time between engagement
attempts given the bomber entered a lateral distance x

from the AWACS is

E .(x) = VeZoi? T_(x,y)f.(y)d (16)
ti Xy iy tyIcy.
- RZx2

where fY(y) is the probability density function of y.
For simplicity, assume that a given intercept attempt is
equally likely to have begun when the bomber was at any

vertical point in coverage. Then y is unifcrmly
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distributed along the segment in coverage determined by

its x-value. Thus,

1
fY(y) = 2 \/Rz-x2 for all yC(-\/Rz—xz, \/Rz-xz),

and equation (l16) becomes

2 |

1 VRZ-x2 -V y+ Vix?+ydv_2-x%v
-X B I B
Et.(x)= —_— dy
1 AR v_ 2.y 2
R ~x - R2—x2 I B
v 2
S S P SRR
2(VI -VB ) VIZ
2
—_— A
2 V%g—xz + R2 x2 B_
2. Vg v_?2
+ X (l'-_—f) Ln I (17)
V e ———————
I v 2
_\/Rz_xz +\/R2-x2 ‘B
2
VI

Note Eti(x) is not a function of the bomber, i, since
an unlimited number of interceptors on CAP has been
assumed.

The penetrator's time in coverage is defined as the
time the defense regards the penetrator as a target. It
begins when the bomber enters AWACS radar coverage and ends

when the bomber (1) is killed, or (2) exits the back side

¢’ the AWACS range without an AI assigned to it, or
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{ (3) concludes an engagement initiated prior to existing
but occurring after exiting the AWACS circle of detection.

Eti(x) is used to calculate the bomber's expected
time in coverage as a function of x, given that no delays
occur between the end of one intercept attempt and the
beginning of the next one for the same bomber. Estimation
of the time in coverage assumes that no delays occur,
because this result will be used to quantify the demand a
single bomber makes on the defense under ideal defensive
conditions. Then the defense's ability to meet this demand
will be determined, and delays may be estimated.

First let E1 be the probability that an inter-
cept attempt results in engagement with the bomber. Then
an average of l/El intercepts must be attempted for one
engagement to occur. Thus, the average number of inter-
cepts needed to kill a bomber is Entk/El‘ Hence, if com-
mand and control delays between interceptor assignments on
a bomber are negligible, the expected time in coverage

given an entry point x within the radar range of AWACS is

E E,.(x) (En+k-l)Eti(x) 2_.2

n+kE ti if < Rv—x
1 1 B

,EZ 2 E. . (x)
2R _-x , _ti o.w. (18)
vy >

tic

Note that Etic(x) may include an intercept attempt which

begins while the bomber is in coverage, but terminates
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beyond AWACS radar range. For the case where less than
Entk intercepts are initiated before the bomber leaves
coverage, a final intercept attempt is assumed to be half
over.

The bomber's entry point x is assumed to be a
random variable uniformly distributed across the width of

the corridor, whose boundaries are X, and XR. The total

L
width of the corridor is (XR-XL) and the portion of this

that results in bombers entering AWACS coverage is

D, = Min{XR,R} - Max{XL,R}. (19)

The model gives an approximation for the condi--
tional expected time a bomber is in AWACS coverage, given
that it is detected. Ten evenly spaced entry points X, are

specified across the part of the corridor in coverage:

x_ = Max{xL,—R} - Dx/20 + TDx/lO, t=1,2,...,10.
(20)

Each bomber entering AWACS coverage selects one of these
ten points at random. The expected time in coverage given

the bomber is detected by the AWACS is

(21)




The probability that the bomber is detected is
Dx/(xR—XL); thus, the unconditional expected time in cover-

age per bomber is

D
X
E, . = ——— E_. . (22)
ticb — Xp-X[ ticla
Assume that Tbb’ the time between successive bomber

entries into the corridor, is a constant. Then there are
no other bombers in coverage when the first bomber attempts

/

tc penetrate, and approximately E at the moment it

ticb’ Tbb
leaves coverage, assuming that this is less than the total

number, Nb’ of bombers. The average is

E,.
y —ich (23)
bb

For the ith bomber, the number of bombers still in coverage

when it enters is Min{i, E / }, and the number when it

tich’ Tbb
'L .
/Tbb" The average is

leaves is Mln{Nb-l, Eiichb

Ebic(i) =L Min{Nb—i, Eticb/Tbb}

+ % Min{i, E ., /T, 1. (24)
Note that as Nb gets large, Ebic
/Tbb for i greater than or equal to E

(i) equals

Bricp tich’ Tob*
The expected number of cruise missiles in coverage

is calculated in a similar manner. The number of
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intercepts required to kill an ALCM is l/Ea, where Ea is
the probability that a vectored fighter locates and fires
AAMs at its target ALCM. Recall the assumption that AAMs

kill the ALCM with probabilityv one. Let Rdcm be the detec-

tion range of ALCMs by the AWACS. It is assumed that:

(1) 2Rdcm is less than XR—XL, and (2) the detected ALCM

entry points, x, are uniformly distributed from -Rdcm to

Rdcm' Therefore, the probability an ALCM released by a

bomber is detected by the AWACS is 2R /D,. Thus the

dem’ “x

/

expected time in coverage,Eticld, for a detected ALCM is
calculated the same way Etic]d is for the bomber in equa-

tions (18) to (22), with the following changes.

R = Rdcm instead of Rdet'

Va instead of Vb,

E = l/Ea.

ntk

Thus, for a given ALCM,

2R
E =& ( dcm) (25)

tica tic|d D,

Each bomber carries Ncmpb ALCMs, each of which pro-
gresses through the corridor after launch at about the same
speed as the bomber. Therefore, the expected number of

ALCMs in coverage during the ith bomber's passage is

Emic(i) = Ebic(l) PL Etica/Eticb (26)
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where

Tba = Time between ALCM launches for a single
bomber,

PL = Portion of ALCM load a surviving bomber
launches by the time it reaches y = 0 (adjacent to AWACS)

_ Rarem ~ SR/
b ba
RALCM = Distance from border at which bomber first

launches ALCMs

SR = AWACS distance (standoff range) from border

Note that, although the model's coordinate system places
the AWACS at the origin, the user-defined inputs RALCM
and SR use a point on the defender's mainland as reference
point.

The expected number of penetrators in coverage,

Epic' while the ith bomber is detected, assuming no defense

delays, is the sum of E (i) and Em. (i) . However, for

bic ic
the purpose of capturing saturation effects on the defense's
ability to assign fighters to its highest priority targets--
which are assumed to be bombers—-Epic(i) includes only
penetrators which the defense cannot distinguish from

bombers. That is,

Epic(i) = Ebic(i) + PmbEmic(i), (28)

80




where

P = Probability an ALCM is mistaken for a bom.=r.

mb

Clearly, the value of Epic(i) can directly affect
the availability of fighters on CAP to intercept the ith
bomber. Whether or not delays occur depends also on the
number of interceptors still alive when the ith bomber is

in coverage.

Finding gai(i). Computing the expected number of

fighters alive during the ith bomber's time in coverage
depends on estimation of the AI attrition occurring in
previous engagements with bombers, which may depend on
whether or not delays occurred. First, the average number

N of engagements per bomber, given that no delays

epb
occurred, must be calculated.

Assume that enough AIs are on CAP to intercept
all of the targets in coverage without delay, and that
this number remains large enough throughout the time the
ith bember is in coverage. If this bomber enters with
x-value X1 where X, is defined in (20), then the expected
number of engagements performed against it is

Nepb(xr) = Etic(xt)/Eti(xT)‘ (29)

When

2 2 .
(Entk-l)Eti(x )/El <2 YR -X_ /JB (30)
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the number of engagements with the bomber is not time-
constrained, and the last engagement can be assumed to
result in a bomber kill. Thus, the number of engagements
in which an AI might be killed is Nepb(xr)-l‘ If, on the

other hand,

2 2
(Epex™D) Beylx ) /B2 2 §R7-%,.7/Vp

then the bomber may not have been killed, and the number
of engagements potentially lethal to an AI is Nepb(xr)'

Let Nppp be the expected number of engagements the

EP
defense performs per bomber. This is the average for all

values of 1, or

1

o

EDB (xT)/lO . (31)

Z
[}
[}

Nepb

T=1

Let p be the number of values of t, t=1,2,...,10,
for which inequality (30) is true, and let p=p/10. Then
the expected number of potential lethal engagements against
interceptors per detected bomber (recall the assumption of

unlimited AI on CAP) is

N (32)

Nlepb]d = Sgpp7P

Note that, if Sz=0, then (13), (18), (29), and
(32) imply that Nepb(xr)zl' p=1, and Nlepb|d=0' Because

a bomber kill and an AI kill are mutually exclusive events
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for the same engagement, this makes intuitive sense--no
attrition will occur to the AI force.
Because some bombers may go undetected if

D . <X_=-X the number N used in attrition calculations

x "R L'

is

lepb

Niepb = Niepbla Px/ (¥g=%p) - (33)

Now consider the possibility of defense saturation.
Saturation is said to occur when the number of penetrators
in coverage exceeds the number of AIs available to inter-
cept them. If delays are not to occur during a particular
time interval, then the number of fighters performing inter-
cepts must stay at least as large as the number of targets;
if it is ever less, then at least one penetrator in cover-
age will not have a fighter assigned to it. Furthermore,
because fighters perform intercepts only if vectored from
the AWACS, where the CAP is, any Als which have not arrived

5 back at CAP after an unsuccessful intercept attempt are not

available.

? Thus, one factor determining whether or not satura-
tion occurs is the total time interceptors spend flying
from CAP to intercept points and back. From the inter-
ceptor's point of view, more engagements are performed
against bombers with small x-distances than with larger

ones, due to greater time in coverage and shorter

83

) — ) ‘]




intercept times. Thus the expected time to fly from CAP

to the intercept point is a weighted average, or

10 10
E Nepb(xT)Eti(xr) E Etic(xT)
Eipp = o = T—lloN (34)
1 10 EPB
I N X
=1 epb( T)

Each interceptor will perform at most one engage-
ment per cycle on CAP, because it will either be killed or
require replacement of AAMs. Thus an interceptor will
perform two or more intercepts only if it fails to engage
the target (bomber or ALCM) on the first intercept. Thus,
the expected number of intercepts an AI will perform, given
unlimited fuel is l/Pe, where Py is the probability of

encountering the target on an intercept attempt. Note that

Pe = PbIV El + Palv EA, {35)
where
Pb|v = Pr(target is a bomber, given that AI is
vectored)
_ iV Epic(d)
Ejic (1) By (4B ()P PIE L TE  op
E .
_ ticb .
=z Y , for all i (36)

ticbh "mb 'L tica
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alv Pr(target is an ALCM, given that Al is

vectored)

1 -7P {(37)

blv

The expected time to fly £from CAP to the intercept point

is
E. + PalvE' ’ (38)

where
Eita = expected time to intercept an ALCM, calcu-

la.ed in a way analogous to Eitb'
After an unsuccessful intercept attempt (fail to

engage penetrator), an AI returns to CAP if he has enough

fuel for additional intercepts. The fighter returns at

the same speed as during the intercept attempt; therefore,

He is

his average time for the round trip is 2Eit'
assumed to lose no additional time due to searching for
the target.

In an intercept resulting in engagement, he will

either be killed or require replacement of AAMs; hence his

average time spent 1is Eit' The engagement is assumed to

take zero time, even if a second pass is made. Thus, with

an average of l/Pe—l = (l-Pe)/Pe unsuccessful intercepts
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and one engagement, an Al's expected time between arrival

on CAP and when it is killed or must rearm is

Mission time after saturation

-3
Il

ms

2Eit(l-Pe)/Pe + E;, = Eit(2-Pe)/Pe. (39)

Note that, after saturation occurs, interceptors do not
spend time waiting for assignments.

The user can input T the maximum time a

msmax’
fighter can remain in the battle if always flying at inter-
cept speed. Tmsmax is based on fuel capacity, dist nce
from base to CAP, and fuel consumptidn at cruise speed

and intercept speed. Thus, equation (39) is replaced by

T = Mini{T

ms msmax’ Eit(z-Pe)/Pe}' (40)

The portion of this time that the fighter is performing

intercepts 1is

T.S=Min{ T

i E, /Pe}. (41)

msmax’ “it

The maximum steady-state fraction of the time a live AI
will spend in the vectored state (performing intercepts)
is

Tis
P, = ——— (42)

+ 14
is Tms Tr
where Tr is the average time required for an AI to fly to

and from its base and be serviced.
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If the number of live fighters is Nai(i), the
maximum steady-state number that can be simultaneously per-
forming intercepts is estimated as PisNai(i). Therefore,

saturation occurs when

PisNai(1)< Epic(l) . (43)
In this case, the fraction of the number of intercepts
that can be performed is Y(1)=PisNai(1)/Epic(1), and the
number of engagements potentially lethal to AIls, which was

N in (33), is replaced by

lepb

Nieas B NlepbY

Therefore, fighter attrition is estimated from
equations (14), (33), and (44). The number of fighters
alive during the ith bomber's (expected) time in coverage

is estimated recursively for i=l,...,Nb.

N_.(i-1) - (1-S.)N if v{(i-1)>1
Nai(i) = ai I’ "lepb (45)
. _ _ {i-1)
'Nai(l 1) (1 SI)Nleas O.W.
and Nai(o) = initial AI inventory.

The computation of Nai(i) is used directly to
establish a function for expected delays between inter-

cepts, which is used to estimate Pni(i,k).
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Finding Eni(i,k). The probability Pni(i,k) that k

is the maximum number of intercepts that can be attempted

against the ith bomber is determined primarily by E (i),

dlay
the expected delay between intercept attempts.

If saturation has not occurred, then it can be
assumed that no delay occurs. On the other hand, suppose
that saturation has occurred then the number of pene-
trators in coverage is 1l/y{(i) times the number of AI avail-
able to perform intercepts. Then Y(i)Ep- (i) of the pene-

ic
trators each have one AI assigned to them and the other

(l-y(i) )E (i) are not being intercepted.

pic
This implies that l-y({i) is the average fraction
of the time that the typical live bomber does not have an
interceptor assigned to it. Hence, for each intercept
attcmpt performed against the bomber, the average delay is

(1) = ,, (A3 _ g 42

it'T ¥ (1) R Ey Y (46)

Eqiay

when Epic(1)>PiasNai(1).

Thus the expected time between intercepts of a

bomber entering the x-value x_ is Eti(xr) + E (i}, and

dlay
the number that can be performed before the bomber leaves

coverage is approximately

LT

?.5 + (47)

NI(i,t) =1

nt Vo (Epy (x ) #Eg (1))
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The distribution Pni(i,k) is computed by calculating
NI(i,T) for each 1=1,...,10. Each time NI(i,T)=k, the esti-~

mate of Pni(l,k) is increased by .l><Dx(XR-XL), resulting in

(Nurber of values of T for which NI(i,T)=k)Qx

> (i0= T0(K, %)
Dy ,k=0.

XX (48)

1l -~

Finding P (i,3) - Finding the probability that j is

the maximum number of times the defense can engage the ith
bomber is straightforward from Pni(i,k). If the number of
intercepts is k, then the probability that j of these result

in engagements is (?)Elj(l-El)k_j, when j<k. Thus,

I o1 8

oL R S RN

k=]

For computation purposes, the maximum number of intercepts
is set at 15.

Finally, the probability that the ith bomber sur-

vives the battle is

15

P(i) z

P_(3)P__(i,])
§=0" S ne

15 15
L P.(j) I
=0 57 k=1

R S SN

(50)

j=0
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The expected number of surviving bombers is

Np
T P(i). (51)
-

E =
bs i

Estimation of the number of ALCMs launched and the

number of ALCMs surviving is straightforward after P(i) is

found.
Estimating E and E . If a bomber survives, it
“ml —/ —nms
is assumed to penetrate far enough to launch all N of

cmpb
its cruise missiles. Even the bombers killed succeed in

launching a portion of their ALCMs before they are detected.

Assume that each surviving bomber spends exactly
time Tic = anet/ZVb in coverage; i.e., the detection zone
is of constant width "Rdet/2' which is the average width

of a circle of radius R Then the minimum number

det”
launched is

- SR ~ 1R

E = Rarcem det/4

mlbd

(52)
VBTba
The time until a bomber is killed can be modeled
with an exponential distribution. While a bomber is in
coverage, the probability that it survives for an interval
of time of duration At is independent of what happened

before. It is also independent of when the time interval
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begins, if the mean time between intercepts is assumed to
be constant.

P(i) can be used to estimate the exponential mean.
Let Ts(i) be the time the bomber survives after it is

detected. Then

-KTic
P(i) = P(T_(i) >T; ) = e . (53)
and
A=:%§ﬂi, 0<P(i) <1 (54)
ic

Suppose that a bomber is killed before it leaves

coverage. Then the conditional expectation for its time

in coverage is

Epp = E(Ts(i)ITs(i) <T,.)
T, =AT,
J(; 1Cx e_Ax ax , T, e ic
= D W ~AT. (53)
1 - e 1C 1 - e 1C

Therefore, the estimated total number of ALCMs

launched is

Ny, E

E = ¥ [P(i)N + (1-P(1)) (E
ml o5

+k

cmpb b

The expected number of ALCMs detected per bomber

by the defense is




2Rdcm
Emdpb = PlNcmpb}ch—XL ' (57)
where
o = Rarcm ~ SR
l = m—— .
S T Tha

For each ALCM detected after launch from the ith

bomber, the approximate probability it is killed is

ny
=1-(1-p ,E) (58)

Prok|al mb

where

E. .
n. = tic ' ,
i EBiea * Bgrayd

- NRdcm
tic 2Va

This result assumes that only ALCMs not distin-
guished from bombers will be intercepted. Therefore, the

estimated number of ALCMs killed is

Emk = X Emapb Pmklal) - (59)

Finally, the expected number of cruise missiles

surviving 1is

E = E "Emk‘ (60)

92




P ——

O ——

Computerization and Verification. The model was

encoded in FORTRAN V, using the same general notations for
variables as just described. With one run required for
each set of inputs, the program prints out the computed
values of Ebs’ Eml' and Ems’ as well as the values of

P(i) for all i=1,2,...,N If desired, however, the user

b*
can insert additional PRINT statements to output other
calculations used.

To confirm that the program performed the calcula-
tions as required by the model, a sample case was run. The
calculations in the model were also performed by hand, and
the results agreed with those obtained from the computer.
Other than the research conducted before conceptualizing
the scenario, no validation has been attempted for the
analytic model. However, the next chapter describes
efforts to compare the results generated by the Q-GERT
model and the analytic model, providing an indication of

their respective validities. The relative efficiency of

the two models is also discussed.
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VI. Results and Comparisons

The simulation model in Chapter IV and the analytic
model in Chapter V were designed for study of the same
scenario, and were built upon similar assumptions. There-
fore, if both models are reasonably valid, the information
they provide should not be conflicting. On the other hand,
if major differences are found between the models' results,
finding the source of the inconsistencies can be instruc-
tive.

This chapter reports the results generated to pro-
vide mutual verification of the models, and illustrates
how the Q~GERT and analytic models can be useful for BDM

issues.

Comparing Study Results

Data Generation. The Q-GERT model was used to

generate estimates of the number of bombers surviving and
the number of ALCMs launched for 24 different cases. Then
results were obtained from the analytic model for the same

24 cases.

The five input parameters which varied among the

cases were M, El' Ez, Rdet and Ncmpb’ vhere
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M = Number of BDMs carried per bomber

N = Number of cruise missiles per bomber
cmpb i
El = Probability engagement (at least one pass)
occurs given an intercept attempt
E2 = Probability a second AI pass is made, given
a first pass in which both bomber and fighter
survived
Rdet = Distance at which the AWACS is assumed to

detect bombers

Three levels of M were tested: zerc, four, and
eight BDMs. In each case, the number of cruise missiles
was

=20 - M. (61)

F The maximum number of cruise missiles was assumed to be
twenty per bomber. One was offloaded for every two BDMs.

As a measure of ECM effectiveness Rdet was set at
two levels: 200 NM and 125 NM. E, and E., are used to

1 2
represent the effectiveness of bomber ECM against a
; fighter which relies on its radar when trying to find and
engage the bomber. Thus, improving the ECM reduces both
the probability a fighter makes a first pass (El) and the

probability of a second pass (EZ) if a first one has

occurred. E

1 was set at four levels; in each case, E

2

was input with the value




(-

(l-El) 1+El

EZ = El + 3 = 5 - (62)

E2 was set higher than El for a given ECM suite because
retaining contact with a bomber is assumed to be easier ¥
than acquiring it initially. Hence, each input case assumes
that a bomber has twice as high a chance of escaping detec-
tion as it has of eluding a fighter which has already made

one pass; i.e., equation (62) can be rewritten as
(l-El) = 2(1—32) (63)

The remaining inputs to the models were held con-
stant for all cases. The values of these parameters and
the levels of the variables are listed in Table 2.

Ten simulation replications were run for each case,
and the estimates obtained were the average numbers of
bombers surviving, ALCMs launched, and ALCMs surviving in
the ten runs. The same three quantities were estimated by
one run of the analytic model per case. Both models'
results for bombers surviving and ALCMs launched are sum-
marized in Table 3. The cases are numbered from 1 to 24

in the table.

Similarity of Results (Verification). Inspection

of the data shows that, in most cases, the analytic model's
estimates are fairly close in magnitude to the correspond-

ing simulation results. More importantly, a high
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correlation is found between how the two models rank alterna-

tive cases.
For example, consider how the cases in which Rdet = |
200 NM are ranked by the two models according to bonmber

sufvival as shown in Table 4. J

TABLE 4

RANKING OF CASES WITH Rdet = 200 NM

Highest EBS Lowest EBS
Analytic 5 1 2 6 3 4 7 9 8 10 11 12

Simalation 5 1 6 2 3 7 4 8 9 10 11 12

The minor differences in ordering by the models may be due
to variability of Q-GERT results; i.e., differences between
adjacenty~-ranked simulation outputs may be statistically
insignificant.

Similar high correlations are found when Rdet = 125
or for other sets of cases in which one factor is held con-
stant. Similar correlations are found for both EBS and EML.
For example, the cases in which M=8 are ranked by EBS as

shown in Table 5.

TABLE 5

RANKING OF CASES WITH EIGHT BDMs

Highest EBS Lowest EBRS
Analytic 13 1l 14 2 15 3 16 4
Simulation 13 1l 14 2 15 16 3 4
100
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The sensitivities of estimates to a single parameter
change are close for both models, with the notable excep-

tion of changes in EBS caused by reducing R (from 200 NM

det
to 125 NM) when ElKl is low (.2 or .4). When this occurs
(Table 3), the analytic model predicts little or no effect
on bomber survivability, while the simulation predicts a
definite increase in EBS. Further analysis suggests that
the cause for the difference is a subtle variation between
the models' assumptions about interceptor allocation.

In the analytic model, the defense is assumed to
allocate Als only to penetrators it believes are bombers.
Thus, when P (the probability an ALCM is perceived to be

mb
a bomber) is input to be zero, as was the case for the

runs in Table 3, no ALCMs are engaged.

In the Q-GERT model, all detected penetrators
(including ALCMs) enter a queue to wait for available
fighters--even if Pmb=0. Penetrators which are thought to
be bombers are served (intercepted) first, but when no
bombers are in the queue, the lower priority penetrators

(ALCs) are assigned interceptors. Decreasing R reduces

det
the number of bombers in coverage, and frees interceptors
to pursue ALCMs. Because the ratio of ALCMs to bombers

(recall that Rdcm is held constant regardless of Rdet)
increases, more of the fighters are intercepting ALCMs

than Rdet=200NM;therefore, bombers arriving at the gqueue
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{(when detected or after surviving an engagement) will wait
longer for interceptors to become available again. Even
slight delays serve to reduce intercept attempts enough
that, when ElKl is small, the probability that detected

bombers survive increases. Such delays do not result in

the analytic model because no ALCMs are intercepted.

Applicability to BDM Analysis

The results in Table 3 reveal the sensitivity of
both the simulation model and the analytic model to the
number of BDMs carried, in terms of both bomber survival
and the number of ALCMs launched. This sensitivity to
BDM effects in the air battle is the primary advantage of
the models developed in this thesis over SPEED and ENROUTE.

Four effects of BDM deployment impact the outcome
of the bomber mission: survival of engagements, fighter
attrition, BDM depletion, and payload tradeoffs. Realistic
mocdeling of BDM issues should represent all four BDM conse-

quences.

First BDM Effect. The first, and most obvious,

effect of BDMs is to increase a bomber's probability of
survival. Bomber defense missiles with sufficient range
can kill an interceptor before it can fire its air-to-air
missiles. This feature is modeled directly by the thesis
models and by ENROUTE, but not by SPEED. In SPEED,

reducing the fighter's kill probability is the only way to
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represent BDMs. ENROUTE also provides for short-range
BDMs used to destroy the fighter's AAMs after they have

been fired.

Second BDM Effect. The next consequence of BDMs

is that destroyed fighters reduce the number of AIs sub-
sequently available to attack penetrators. If BDMs are
carried, ENROUTE computes a factor by which the number of
possible engagements will be reduced. However, it assumes
that this reduced number of fighters available is constant
for each bomber, regardless of when the bomber enters the
battle. In SPEED, the effect of fighter attrition can be
modeled only by artificially decreasing the fighter inven-
tory at a base.

Both of the new models treat fighter attrition in
greater depth. The Q-GERT model extensively models the
allocation and recycling of individual interceptors. When
one is killed, it is removed from the battle, so that less
fighters are available as the battle progresses.

The analytic model estimates fighter attrition
recursively. The average number of fighters available is
estimated for a given bomber's time in radar coverage,

based on the expected number of previous engagements per-

formed. Hence both the number of engagements and the number

of fighters available can vary among bombers.
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Third BDM Effect. Another consequence of lethal

defense is the possibility that a bomber is engaged after
it has used all of its BDMs. When this occurs, the bomber
presumably has less chance of surviving a fighter attack.
However, ENROUTE assumes that a bomber is armed for every
engagement, and SPEED would require significant modifica-
tion to consider this effect. 1In contrast, the Q-GERT and
analytic models in the thesis are sensitive to the input
number of BDMs, because BDM depletion is possible. This
is illustrated by cases in Table 3 where EBS is greater

when four BDMs are carried instead of none.

Fourth BDM Effect. The fourth major consequence of

carrying BDMs is that it usually means a portion of the
strategic offensive weapons must be taken off the bomber
to accommodate the added weight of the BDMs. ENROUTE com-
putes the number of cruise missiles replaced by BDMs from
its estimate of the expected number of engagements per
bomber, and assumes that this ideal number of BDMs is
carried by each bomber. This assumption limits the flexi-
bility of the model for addressing tradeoffs. The two new
models allow more extensive tradeoff analysis. The impor-
tance of such considerations is illustrated by cases in
Table 3 where raising EBS by increasing the number of BDMs
reduced the number of ALCMs launched. In addition, the

results show that increasing the number of BDMs does not
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necessarily improve a bomber's survivability, as valuable
saturation effects may be lost because less ALCMs are

carried.

Summary

The generally high correlations between the simula-
tion results and estimates from the analytic model increase
one's confidence that both the models correctly represent
the major assumptions in the conceptual models.

Both models are capable of providing unique insights
into problems involving bomber defense missiles. Further-
more, the simulation model is relatively fast-running,
requiring an average of about 20 seconds of CDC 6600 com-
puter time for ten replications. The analytic model is

quicker, requiring about one second of CPU time per run.
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VII. Conclusions and Recommendations

The purpose of this thesis was: (1) to develop two
different specialized models for analysis of bomber pene-
tration of the FAD, and (2) to compare the relative utili-
ties of simulation and analytic modeling. This chapter

summarizes the results of the study.

value of the Models

The simulation model described in Chapter IV and
the analytic model in Chapter V were designed to study an
issue currently being addressed by ASD's Deputy for Strate-
gic Systems. Specifically, what are the relative values of
bomber defense missiles and electronic countermeasures as
penetration aids for bombers penetrating an AWACS air
defense? In addition, what are the relative gains or losses
in terms of numbers of cruise missiles launched?

Analysis of this problem at ASD has been performed
using the SPEED and ENROUTE models. The primary advan-
tages of the models in this thesis over SPEED and ENROUTE
are in the consideration of BDM effects. Four major con-
sequences of BDM deployment were identified, and the new

models were designed to model these effects more real-

istically than the models used by ASD. Therefore, the two
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models in this thesis may be more useful for the study of
certain cases involving BDMs.

The simulation model uses the Q-GERT simulation
language, illustrating that an air battle can be described
as a queueing system. The penetrators and interceptors
} are two types of "customers" waiting to be paired by the
AWACS "server;" the resulting intercept attempts con-
stitute "service." Use of Q-GERT networks is found to be
useful when creating a conceptual model of bomber penetra-
tion and then translating it into computer code. The same
is undoubtedly true of some other higher-order simulation
languages based on network flowcharts.

The analytic model also has unigue features. A
bomber's estimated survival probability is dependent upon
when it enters the battle. This is based on the inter-
ceptor population, which is estimated recursively for the

sequence of bombers. In addition, probability distribu-

tins for the number of engagements per bomber are estab-
lished, based on a distribution for the bomber's location

in the corridor.

Model Comparisons

Chapter VI reports on a comparison of the two

models using three measures of merit. The corresponding
results are found to be relatively close in size for the

tvo models. More importantly, the models tend to rank
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alternative cases in about the same order. One source of

minor inconsistencies is found and traced to different

assumptions about the defense's engagement strategies.
Although the Q-GERT model runs much more quickly

than larger simulations such as SPEED and APM, a single :

replication of the Q-GERT model takes about two times as

long as one run of the analytic model. The greater detail

in the simulation suggests greater confidence in its

results, but the analytic model appears to be accurate ;
enough to be useful when a rapid response is needed. Also,
insights are often easier to see using analytic model

results.

Recommendations

Preliminary inspection of the data generated by the
two models reveals that they have at least face validity.
However, more complete understanding of the value of the
models can be gained from further study in two areas.

1. Output results should be obtained from the
models for a wide range of input cases varying the value of
each parameter from its minimum to its conceivable maximum.
The results should be inspected, and compared between the
models, to £ind the set of inputs for which each model

gives meaningful results.

2. A formal comparison should be made between the

results of the two new models and the corresponding results
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of SPEED, for the cases where SPEED is thought to be accu-
rate. Additional comparisons among all four models--SPEED,
ENROUTE, and the two models in this thesis--should be per-
formed for a wider range of inputs.

Although the two thesis models are directly appli-
cable to certain problems, they can be viewed as ground-
work for more extensive tcols of analysis. Several areas
of extension are possible. Some possible model improve-
ments are to:

1. Include multiple fighter types and multiple
bomber types.

2. Model ECM and radar effects in greater detail,
making detection distances dependent on altitude, aspect
angles and relative velocities.

3. Allow defense allocation of multiple fighters
per engagement under specified conditions.

4. Include multiple AWACS simultaneously, and
multiple bomber corridors.

5. Model reassignment of vectored fighters to
higher priority penetrators.

6. Include the possibility of bomber missiles
designed to kill an AWACS.

7. Model fighter search tactics in the battle
area after an AWACS is killed or when extra Als are

available.
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8. Allow fighters to loiter in place after unsuc-

e —

cessful intercepts, or at multiple CAP positions for each
AWACS.
9. Include subroutines to estimate key parameters

G from input features of actual weapon systems.

The desirability of such changes, of course, depends on

‘ the needs of the user in a specific study.

i Summary
The analyst with a specific problem, such as find-
ing the value of BDMs against a forward air defense, may

find the specialized models developed in this thesis

appropriate. Furthermore, both simulations and analytic
models have unique values for providing insight. Therefore,
if time permits, a parallel modeling approach using both

methods can be beneficial.

110 r
]




W\

10.

Bibliography

Battilega, John A., et al. Military Applications of
Modeling, Chapter 13. Science Applications, Inc.,
Englewood, Colorado, 1979.

Bexfield, James N., et al. Technigues for Evaluating
Strategic Bomber Penetration: An Aggregated Penetration
Model~-PENEX, Directorate of Strategic Offensive and
Defensive Studies, AFSA, December 1972.

Clark, G. M. "The Combat Analysis Model," Ph.D.
Thesis, The Ohio State University, Columbus, Ohio,
1969.

Fawcett, Clifford D., and Chester G. Jones. “Effective-

ness Determination of Bombers Penetrating Through an
Air~to-Air Defense," Qperations Research, 18:516-525,
1g970.

Garbarino, J. R. "ENROUTE User's Manual," Long Range
Combat Aircraft (LRCA) Study Final Report, 1, General
Research Corporation, Santa Barbara, California,
April 1981.

Hoeber, Francis P. Case Studies in Military Applica-
tions of Modeling, Chapter I, General Research Corpora-
tion, McLean, Virginia, August 1979.

Case Studies in Military Applications of
Modeling, Chapter 1V, General Research Corporation,
McLean, Virginia, August 1979.

Ingall, Edward J., Peter Kolesar and Warren E. Walter.
"Using Simulation to Develop and Validate Analytic
Models: Some Case Studies." Operations Research, 26:
237-253, 1978.

Jacobson, H. I. Bomber Penetratloﬁ Model Requirements
for the Net Technical Assessment =i Strateqic Bomber
Forces, General Research Corporatlon, Santa Barbara,
California, May 1974.

Kobayashi, Hisashi. Modeling and Analysis: An Intro-
duction to System Performance Evaluation Methodology
Reading, Massachusetts: Addison Wesley Publishing
Company, 1978.

111




11.

12.

13.

14.

15.

lé6.

17.

18.

19.

20,

Lucas, Gary L., and Barbara J. Slaughter. COLLIDE:
An Aggregated Conversion Model for Air Combat.
Arlington, Virginia: Lambda Corporation, December 1972.

Monahan, R. H. Bcmber Penetration and Weapon Alloca-
tion Models, II. Menlo Park, California: Stanford
Research Institute, October 1971.

Murtaugh, Stephen A., and William F. H. Ring. SPEED
Model Volume I--Overview. Buffalo, New York: Calspan
Corporation, March 1975.

NA-79-450. Advanced Combat Effectiveness Model, Vol.
l. Los Angeles, California: Rockwell International,
December 1979.

Nyland, Fred S. Estimating Bomber Penetration and
Weapons Effectiveness. Santa Monica, California:
The Rand Corporation, May 1974.

Pritsker, A. Alan B. Modeling and Analysis Using
Q-GERT Networks. 24 ed. New York: Halsted Press,
1979.

Schlesinger, James. From Jane's All the World's Air-
craft, 1980-81, p. 196. New York: Jane's Publishing

Company, 1981.

Shannon, Robert E. B8Systems Simulation--The Art and
Science. Englewood Cliffs, New Jersey: Prentice-Hall,
Inc., 1975.

Taylor, James L. "Development and Application cf a
Terminal Air-Battle Model," Operations Research, 1l:
783-796, 1969.

Wilkinson, Captain Richard. Aeronautical Systems
Division, USAF. Personal interviews. Wright-Patterson
Air Force Base, Ohio, November 1981.

112




Appendix A
Analytic Model FORTRAN Code

113




PRCGRAM ANAMOOD

DIMEPSION PS(C115),X(17) 4 ETI(47) ,ETXK(10),0Y(12)
DIMSNSICON ETTIBL0) ZETTIC(10),y XNE2R(LD) ,XNEPA(LD)
ILHENSTCM 2BIC (20) 4 ZHIC(20),EPRPIS(20),4MAT(20)
DIMEMSION cOLAYC(RQ) yPNI(20,2815) 42402 (c315,01215)
DIMENSION P(20),°NEC20,0848) ,FCIRL(024L5)

DIME MSION ETKB(20)

RT AL Ki,KZ,KB,hEPB,NLEPB’NEP&,NAI’LA"DA,“E

DATA XL/=254e/3XR/2JUe/9yROCHM/71(3e/,¥B/6/

DATA RDET/2CC./

DATA VA/S4/3V1/2.4/,TBB/84/yTBA/L W/ EA/43/yFNB/ 0L/
NATA RALCM/120( o/ 3TR/1304/yNB/2Y/yTTLATI/SC W/

DATA NCMPB/1B/

DATA EL1/7425/9E2/.525/7,PBDI1/7.95/74XE/, 8/,K1’.8/,K2/.8'1,NHIOI
DATA SR/3Ui o/

CALCULATE F(SURVIVE/Z/ENCOUNTER), BJIYBER AND AIX
Se=(1e=Ki)* (1, =E2+L2% (1e~K2))
SR 2= ((1o-Ki)’(1.-’2+EZ‘(KB+(1.°<3)’(1.-K2))))
S1=PEDI*(KB+(1+-K3)4S0)+(1.,=-FPBDI)*SP2
S2=P3DI*(KS+(1.=~X3)*SP2) +(1=-FBII)*SP2
SP3=(1e=KL)*E2* (KB+(1,=4B)* (1,-£2))
IF (S2elEeleeOReNMeEQQl) THEN
ENW2=3.
EMFS2=FLOAT (NM)
ELSE
EMES2=PBOI*(KB+{14=KB)?® (14=K1)* (L e=E2)) +SP3* (1,-PEDI+2,
*PA0IT (1.,-KB))
EMES2=CMFS2/S52
ENW2=FLOAT (NM)/EMFS2
ZNCIF
IF (S41.GTeCs) THEN
EMECL=(PEDI* (K8+(1e=KB)¥(1e=KL)#(Le=E2+E2% (14~K2)))+
(1.-PBOI)*SPI)/S1
ENVi=1,7EMFS 2
ELSE
ENW4=0,
ENDIF
SI=(2B0I% (1 ,~KB) +14=PBOT) *(Ki4(Los=Ki)*(1,-E2+E2*(1,~-KB)))

CALCULATE P{BOMBER SURVIVES K ENGAGEMENTS)
NA2=INT (ENW2)
ML EMFS2* (ENW2=FLOAT(NW2))
IF (ZBML.LTeeB5) NHWi=0
IF (SEBMLGEes5) NWI=INT(ENWL)
PS(f)=1,
00 21 KX=1,15
IF (K4LEJNW2) THEN
PS(K)=FS(K=1)*S2
EL SE
IF (K LEs (NW2+NW1)) THEN
SS(K)=FS(K=-1)+*S2
ELSE
PSIK) =PS(K=1)+S)
ENCIF
ENDIF
PAINT *,'PS OF *,X,y* =9,pPS{(K)
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CONTINUE
CALCULATE S(INUMSER OF ENGAGEMENTS TILL KILLED), POMBER
TF (S2.EQele) £2=499
TF (314E041e) Siz=.39
IF (SC.EQele) S3=e99
ENTK‘(10°SZ"(Nh’*1))/(1.‘52)*()2”NH2)'51‘
Lo‘Si"hwi)/(io'Si)+(SZ"NH2)‘(51"VH1)‘S /7 (1,-S3)
p&;NT SLTENTK = *,ENTK
P =h,
NE FB=F,
EITB=C,
NEFA=?,
ZITA=C,
D0 65 N=i,2
IF (Ne£Qe1) THEN
R=DET
v=VHR
E=t%1
EKN=ENTK ‘
T=TEB

ENDIF
CALCULATE NUMBER OF BOMBEFS/ALCMS IN COVERAGE AT ONE TIME
FIRST CTALCULATE AVERAGE INTERCE?T TIME
X4 =AMINI(XRyR)
X2=AMAX1(XLy=R)
DX =X1«X2
DO &) L=1,40
X(L) =X2=0X%X/2:¢ +FLOAT (L) *DX/4C e
A=SCRT(R*R=X(L)**2,)
IF (Ne=Qe1) OY(L)=A
9= SORT(F*R~(X(L)>*2,)3Vy*V/(VI*VI))
STI(LI=VI*(2,%B+(X(L)3X{L)*{1e=vPV/(VI*VI))/A)*
ALOG((B+A) 7(3=A)) ) /(Lo *VI¥VI=h*VFY)
PRINT *y ETI="*,cTI(L)
STK(L)=EKN*ETI(L)/E
TICHEIX=2.%A/YV
IF (MsEQe1) ETIS(L)ISETIC(L)
NEXT CALCULATE EXPECTED TIME IN JOVERAGE
IF (((EKN=14)*ETI(L)/ZE)«LT4TICMAX) THEN
ETIC(L)=ETK(L)
IF (NJEQ.1) PD=PD+,.1
EL SE
EIICILI=TICMAX+S*ETI(L)
ENIOIF
IF (N.EQ.1) THEN
XNEPS(L)=ETIC(LY/ZETI(L)
NE2R=NZPB +XNEPB(L) /710,
EITE=EITB+ETIIL) /10,
EL SE
XNEPA (L)=ETIC(L)/ETI(L)
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NEPASNEPA+XNEPA(L) /719,
EITA=EITA4ETI(LYZ10,
ENDIF
CONTIMIE
TF (4000 1) KWLEPI=(NEPB=PO)* CX/({XR=XL)
PRINT ®*,*NLEFB= *',NLEPS
PETIC=0,
D0 5° L=1,1t
PETIC=PETIC+ETIC(L)/10,
COMPUTE AVERAGE TIME IN COVERAGE, ALL X TOMBINEO
CONTINUE
IF (NeSQei) THEN
CX e=0X _
PETIC=PETIC* OX/ (XR=XL)
BETIC=PETIC
L SE
FETIC=PETIC® OX/ (2,*ROET)
ENCIF
PRINT *,'PETIC,TYPE?yNy*y= *,PETIC :
COMPUTE NUMBER IM COVERAGE DURING ZACH BOMBER PASSAGE
DO 6" I=14NB ' -
3=FLOAT (1)
IF (NJEQ.1) THEN
ZRICII)=C(AMINL(NB=B,FETIC/TBB) +AMIN1(8, PETIC/TEB)) /2,
ZL SE
PL=(RALCM=SR)I/Z(V*T)
EYIC(I)=ERIC (I)*PL*PETIC/BETIS
SRINT *4EMIC(I)="*,2MIC(I)
EPIC(I)=ESIC(I) +PMB*EMIC(I)
PRINT %, EPIC= *,ZPIC(I)
ENDIF
CONTINUE
CONTINUE
P3V=EBIC(1)/EPIC(1)
PA y=1,.~PBY
ZIT=CRBV*EITB+PAV*IITA
PE=PIVEEL +PAVE EA
TOCAS=ZIT*(2.,-PE)/PE
EDLAY(L1)=0,
PIAS=EIT/(PE*(TOCAS+TR))
PRINT *,°PRVLEIT,PEHJTOCAS = *4FBVyzIT,PE,TOCAS
NAT(1)=TTLAI=-NLEPB*(1,~SI)
DO 7Y I=2,yNB
SATPT=FPIC(I~1)/PIAS
PRINT *,SATPT=*,SATPT
IF (MATI (I=1) G eSATPT) THEN
NAT(ID=NAI(I=~1)~=NLEPB® (1,=-SI)
EOLAY (I)=8
ELSE
NAT(I)=NAI(I=1)%(1,=-NLEFB* (1,=SI)/SATPT)
EDLAY(I)=EIT*(SATPT/NAI(I)=1,)
ENDIF
PRINT *,'NATI,EOQLAY = *,NAI(I),EDLAY(I)
CONTINUE
0) 8% I=i,N8
PNI(IyE)=1,~0XB/(XR=XL)
DO 75 K=1,15
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PNI(IHK)=0,
CONTINUE
1Y 8 L=1,11
STIX=ETIC(L)+ECLAY(I)
NIX=INT(s5+2,*DY(L)/(YB*ETIX))
ENIC(IZNIX)=PNI(I,NIX) +e1*DXB/ (XX=XL)
CONTINUE
CONTINUE
FCTRL(0) =1,
D0 90 M=1,15
FOTRL(M)=FLOAT (M)*FCTRL(M=1)
CONTINJUE _
00 19 J=0,15
D0 95 K=J,18
CHU? (X3 J) =FCTRLIK)Z(FCTRL(JY*FCTRLIK=J))
CONTINUE '
CONTINUE
£9S=1%
00 127 I=1,NB
P I) =0, ” -
DO 110 J=4,15
PNE(ILF)=C,
DD 1'% K=J,15
PNE(I93J)=PNE(I yJ) +PNI(I,K)®*CHUZ(KyJ)* (EL** JI) ¥ ((1,-EL)*?
(K=J))
CONTINUE
PCI)=P{I) +PS(J)*PNE(1,J)
CONT INUE
SRSz tBS+P(I)
PRINT *,7 P(S) OF BOMBER %3I,* = *,P(1)
CONTINUE
PRINT *,* EBS= ?,EBS
TIC=414L6%RLET/(2.¥*V8B)
ZMLBO=(RALCHM=SR=3 14 16¥ROET/64) 7(VI*TBA)
00 12% I=1i,NB
LAMDA==ALOG(P(I))/TIC
IF (LAMDALLELGe) THEN
ETKB(I)=51¢,
EL SE
ETKBLI) =1 «/LAMDA=TIC*EXP(=LAMIA*TIZ) /(Lo=EXP(=LAMDA*TIO))
ENDIF
EMK=),
ZML=t¢.
CONTINJUE
METIC=3,1416*RDCM/ VA
00 136 I=1,N8
EML=CMU+NCHPBEP(I) +(L+=P(I))*(EMLBI+ETKB(I)/TBA)
EMDP3=PL* 2, RDCM/ {XR=XL)
NE=METIC/(SITA+EOLAY(I))
PH KD=(PME*EA) ¥ *NE
EM K=EMK+EMDPB* PMNKD
CONTINUE
EMS=EML =EMK
PRINT ®,'EML= *,EMLy 'EMS= !, EMS
SToP
END
17
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OO0

OO0

OO0

FUNCTION UF(IFN)

COMMONZUCOMA/NCM(2C)
COMMON/OVAS/NDEZNFTBUISLL )G NRELLS5LI) 9y NRELP(ETL)ZNREL2(53D)
INRUN yANRUNSyNTC (521) 4 PARAM (IDL 4L) 4 TIEG,) TNOM
COMMON/USER/ATTI(21)y VIy VB, VA, RALCHy NIMP3,R0ET,,FCCM,
$SRyTRCYCyRB,EL4E29EA )KL, K29K8yP33[,LAMCA,D0S

REAL Kiy4K2,KByLAMDA

OATA VI/224/9VEB/Ge/yVA/EG/yRALCH/ 1254 e/yNCHPB/2./yRDET/2IC W/,
tRDOCM/1f e/ 9SR/331e/9yTRCYC/EI /9875310 /9EL/ 9L/ 4ER/ eS8/ sEA/0 3/,
3K 708/ 9K2/e &/ 9KB/ 4B8LG/yPECL/ 4357y LAMDAZ W LE/40S/0L/

CALL GETAT(ATT)

TM=T PARK(ID)

G0 TO (1’2,3’“’5,5’7’8,9’1m’11’12’13’1“’15’16’17,18’19’25’21’
1229239204925 ,264327428)41IFN

CALCULATE TIME TILL DETZCTICNS 1503=NOT DETECTED

X= ABS(ATT (2))

IF (X,LE.RCET) THIN
Y= 1602 4 «SR=SORT (ROET* ¢+ 2 =X** 2)
UF=yYsve

ZLSE
UF=48CC.,

ENCIF

RETURN

CALCULATE TIME FOR INTERCEPT

X= ABS(ATT(2))
DELAY=STNOH=TM+LS=ATT (D)
IF (ATT(1).GE424) THEN
P=ROCH
v=VA
EL SE
R=ROET
-y=v8 .
ENDIF -
.IF (XeLEeR) THEN
Y=RESORT(1s=(X/R) *#2) aDZLAY* YV
UF=(=V2Y+SCRT ( (X* X +Y* Y)Y IeYI=XPXPY*Y))/(VI®VI=V*V)+0S
EL SE
Us =1,
ENCIF
RETURN =

CALCULATE TIME LEFT IN COVERAGE

TS CEN=TNOW=(TM+ATT(3))

Xz ABS(ATT (2))

IF (ATT(1)¢GEe34) THEN
F=ROCM
V="A
Y=iTTHE)=ATT ()Y 119




v ——

o

OO0

OO0

OO0 OO OO0

(2 Xy X2,

CL.SE
R=0VET
v=V8
IF (XeLEsR) Y=SORT (R*R=X*X)
ENDIF
IF (XeLE4R) THEN
UF=(Y+SQRT(F*R=-X*X))/V=TSEEN
EL ¢E UF=1%,
ENDIF
RETURN

SCHECULE NEXT ALCM LAUNCHS 5C0 YEANS LAST ONE

IB=ATT(1)

NC¥(IB)=NCM(IB) +1

IF (NCM(1IB).EN.1) UF=(15Uy.~RALIMIFVE
IF (NCM(IB).GEe2) UF=4C,

IF (NCM(IB) +GT «NCMPB) UF=5'(,

RETURIN

FIND TIME TILL ALCM DETEZCTIONS 550=NOT SEEN

XA=ATT(2) ¢ATT (€)

IF (APS(XA) . LE.RDCM) THEN
YA=SNKT (ROCM*¥2=XA*%2)
UF=(ATT () =YA)/VA
IF (UFeLTele) UF=3,

IF (ATT(5)eLTe=YA) UF=500,

EL S€
UF=56"C,

ENDIF

RE TURN

RETURN THE NUMEBER OF Al USED FROM [NVENTIRY

UF=NTC(1E8)
RETURN

‘COMPUTE DEGRADE TO ENGAGEMENT PROBAZILITY

TIC=ATT (5)=ATT (6)
UF =EXP(=LAMDA® TOC)
RETURN

COMPUTE ONE NINUS DEGRADE FACTOR

UF=1,=EXF (=LAMDA* (ATT (5) =ATT (C)))
RE TURN

STCRE AI TIME SPENT ON CAP
TSCC=ATT(7) '

UrF=TSCC
RE WU2N
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. c
‘ c RETRIEVE AI TIME SPENT ON CAF
c

1{ UF=TsOC
& TURN

c .
ht c FIND TIME FOR FECYCING ROUNDTRI?
c

11 UF=TRCYC+2.*(SR+RT)/ (.E*VD)
RE TURN

FIND 2I TIME FROM BASE O CAP

e X Xe]

12 UF={RB+SR)/(+5%VI)
RETURN

c RECALCULATE AI TSOC
13 UF=ATT(?) +2.*ATT (5)
RETURN

SCHECULE AI RETURN TO CaP WITHOJT RECYCLING

OO0

LGt UF=ATT(S) /.5
RETUAN

FIND ALCM Y=-DISTANCE AT LAUNCH TIMZ

OO0

15 UF=1530",=(TNOW~TM)*VB=SR
RE TURN

C FIND X-VALUE OF ALCM POSITICN
16 UF=ATT(2) +ATT (&)
RE TURN

COMPUTE MAXIMUM AI TIME ON CAP

OO0

{7 UF=2 (Bs=84* (RB+SR) /VI ‘ -
RETURN

ASSIGN.PROBABILITY(ENGAGEHENT,N) 3IM FIRST PASS)
OR P(ALCM IS KILLSD, AI MUST REJYZLE FOR WEAFQNS)

OO0

19 IF C(ATT(1)4LTe34) UF=EL1* (14~FBCI)
IF (ATT(1).GE.34) UF=0.
RE TURN

ASSIGN P(FIRST PASS, 80M SHOOTS FIRST), IR
PC(ALCM IS KILLED, AI IS ARMED TJ 3TAY ON CiP)

OO00

18 IF (ATT(1).LlT.34) UF=EL*PBOI
IF (ATV (1)eGEe34) UF=EA
~ FZTURN
i : 121




OO

2.

e Xy Ne]

21

OO0

22

OO0 OO0 [+ Xe X!

OO0

26

HOOO

27

OO0

28

ASSIASN FRCBABILITY TARGET IS NCT ENGAGED

IF (ATT(1).LT.34) UF=1,-E1L
IF (ATT(1)+GEe34) UF=1.,-EA
RETURN

ASSIGN AAM KILL FROBABILITY, FIRST PASS

UF =K1
RETURN

ASSIGN P(HMISS CON FIRST PASS EUT KEZIP CONTALCT)

UF={1le~K1)*E2
RETURN

ASSIGN P(MISS ON FIRST PASS, LOUSE ZONTACT)

HF=(1le=K1)?® (1.4~22)
NETURN

ASSIAGN BDOM KILL PROBABILITY

UF =K 3
RE TUAN

ASSIGN BDM MISS PROBABILITY

UF=1.=X8
RETURN

ASSIGN AAM SECCNO PASS P(KILL)

UF =K2
RETURN

ASSIGN AAM SECOND PASS P(MISS)

UF =1 =2
RETURN

SSHECULE FIRST AI ON CAP
UF=(125C.=SR)/V8

RETURN
ENC




SUBROUTINE UI
COPMMON/UCOMLI/NCN(2D)
20 1° I=i,2f
NSM({TI)=C

1. CONTINUE
RETU2N
ENT

ORINT OUT IMPORTANT RESULTS FKRC4 EACH

OO0

SUBROUTINE UO
£OMMAON/QVAR/NDEGNFTBU (S5 ) yNREL(SS )y NPELP(SA() 4 NREL2(EED) ,
NIUNGNRUNSSNTC(513) g PARAM (1L i o) pT3E5,TNOW
N3 P=NTO (2 2)
NBS=NTC (L2) +NTC(9)
NZMS=NTC(65)
HOMD=NTC(7) +NTC(S5 )
NSML=NTC(8)
: IF (MUNGEOs1) THEN
! FRINT®
PRINT *,¢ RUN LIVE ©OSAD LIVE JEAD LAUNCHED °
PRINT *,¢ NO. BMBRS BMBRS ALCYS ALJMS ALCMS *
PRINF »
EL SE
| ! FRINT ¢
Lo SNOIF
t DIINT *4,¢ ?,NRUN,’ " yNBS,y? "5NBD, * 'y NCMS, * ',
tNSMD,? * NCML
\ ETURN
; . END :
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> QUEUE NOUDES ~*

PR L L L R D R L R P L L L KL LR L il bl b d i d ol At

NOOE LASEL INITIAL NO. HMAXIMUM NO. VUTPUT
IN QUEYE ALLOWED TYPE

pnppnpnprpusnprpnpupmpepepeaeSEt P YT R TR TR PP L L E L T L LR L L L L L il it ol dad it i

n 30

n 1

54 ] 1
3 Q933

O0ooQ0OD

Nreeapepspipepapse e TR Y Y T T FE TR F L LR T L L & L E L X R L L A B £ L & A b X A B L 2 d Jod

PRIORITY MAY BLOCK NODE FOK FOLLOWING
SCHEME INCIDENT SERVERS BALKERS NODES

e e Y Y o T R T Y P R TN L L R R R R A L Al

SYL 7 1 NO 6é 19
BIG 7/ 7 NO ik i9
FIFO NO 16 20
FIFO NO B 29

**+ MATCH NOOES *»

eSS e cetcneeSorastecntan -TEaEseasetaoceacceom ceaes

I NODE MATCYING Q-NODE/ I
I ATTRIBUTE OUTPUT NQODE I

Lt dh I L B R T 1 XY Tocersonseecovavoncocvoneseaen

19 9 1¢ /7 11

13 / 63
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*F S5ILECTOR NOOES **

NCOE SELECTOR RULES 447 BLJCK
(QUEUES) (SERVZIRS) INJIDENT SERVERS

X LRI PR LR ETEERE LY R XX I L EL LYYt LA XXX L X 2 1

21 ASM (87 1) PCR NI

NODE FOR Q-NJDDES ASSOCIATED
BALKERS WITH SELECTOR

¢ 44 64

ATTRISUTEZ ASSIGNMENT INFORMATION

I

NODE ATTIBITE DISTRIBUTION PARAMETER

I

I NUMBER NU43:IR TYPE SPECIFICATION I

1 'S IN 1.800
1 2 UN 1.0C0
1 3 uF 14600
1 % co 8.0C0
1 3 co 1.000
1 8 UF 17 4500
8 co 4Co0LO
8 2 UF 16 4 GCC
8 3 uF 54300
19 5 UF 2.0L0
10 5 UF 3,640
128
R —




14
16

15

17

43

45
L5
45
45

48
48

43
&9
49
49
49
49
L9

7@ co
3 Cco
? co
L} UF
4 UF
1 co
4 co
3 co
10 ufF
1 co
7 co
3 co
13 UfF
3 UF
8/} UF
16 UF
15 UF
15 UF
17 UF
18 UF
13 UF
20 UF
i co
14 co
3 co
13 UF
LX) co
b co
5 UF
129
RS dibhace ShF oy el
T

1.0LC
1.000

PR THEL
6.CL0
10,060

GelCC
GenlC
1.L06
17 i &

GeCLC
el Y
1.0LC
17 .5\ 0

74000
Beli0

24 .00 ¢
224LLN
22000
2h ol

25 e5ud
264150
27 0L C

feCCC
CeleC
1008
17 +0CC

1.0uC
1eul0

JoL0C




6-14
6-14
6-14

6=15
6-15
6-15

6-16
6-16
6-16

6-417
6-17
6=-17

6-18
6-18
6-18

6-19
6=-19
6-19

o' U & oW & o oV & o & [ Y IR LN o, & o\ oW &

o W &

130

UF
UF
UN

UF
UF
UN

UF
UF
UN

UF

-UF

UF
UF
UN
UF

UN

UF
UN
UF

UrF
UN

£G5S

UF
UF
UN

UF
UF
UN

LT
1401

J.0C0

hetel
15,uL0
Joilld

LoCCL
15,860

Jousl

L.0CC

154400
JJ0C

L.8CC
15 .00
300D

4.0C0.

15 il
Je3ED

& +G0C
15.4C0

 3.000

44000
15,0060
3.6CC

b oGCE
15,060
3.0C0

o000
15 .0, C0
3,000

4 .,080C
15.000
3006

[
et st i




-

€3

65
65

63

6-5
6~-5
6-5

6=6
6-6
6-6

6=7
6-7
6-7

N

11
12
13

o Uy oy & O\ & oownF o\ & oW & o'Vt &

orW &

131

UF

co
ufF

co

UF
UF
UF

UF
UF
UN

UF
UF
UN

UF
UF
UN

UF
UF
UN

UF
UF
UN

UF
UF

UF

UN

UF

UF -

éoffﬁ

g.0LC
13.0C8

35,000

18.0LC
19.0¢40

2'4.“0\‘.

Y134
15.600C
Jeucl

L.l
1540040
30T

oottt
15,008
3.0L0

4.0L8
15,4t 0
3.600

GolLE
15.0C0
el 0

hoCOQE
15.0C0
3000

L.00C
15 ,0L0
Je0CO

&.GC8
15,000
JeLCC




6-2C + UF Golil
6=-20 5 UF 154000
6-20 ) UN 3008
PARAMZITEZR S2ECIFICATION
SET 1 2 3 b
1 te.tf38 -200.0¢C86° 2L0.00¢86 te.0080.
2 8+0028 eGOur BJielUCE 04002C
3 telC3D -10.,0€C: 1349uLC Ge0CQTr
T+ JANIOM NUMEER SEEDS **
I STREAM SEEQ REINITIALIZE I
I NUMEBER VALUE (YES/NO) I

i #b81317€6€£98114701 NO
2 124L778952842291 NO
3 13648L728G5£865 NO
4 133E357€215F193 NO
5 5634811793519 NO
t 247L9211396654L%01 NO
7 2615234 336t 223 NO
8 k7r257: 9678342 NO
5 159383315747251 NO
i 734003416 39€967 NO
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LINgy596/47 yUF sl gy ypAlsEQerT™
LINYS,6/883UFyligggahleS0als®
LINyS E/204UFgbgpeghlsEGa13*
LIN,;’ 6/2< ,UF,‘O,’ ,,‘10 EQC 23“
LINsE/714E999999N21oN*
LINyS6/29B8y99999N22sN*

LINgS/ 395999999 MN23 N>
LIN’&/“,B,,,,,,NZQONL
LINy)6/598999999N25«N*
LIN,6/6,8,,,,,,N26.N*
LINyS/79E 999999 N27 ¢ N*
LINg©/7898y99999N2BeN*
LINyS/79 924499999224 N*
LINyS7129E 599999 NTioNF
LINyS/711yE599999NT1N"

. LINyS5/712589599999NT26N?
¢ ' LIN,5/13y5,,,’,’N330N'
LINyS/714y8999999N3L¢N®
LIN)6’15,8,,,,,,V3§0N‘
LINyS5/71698999999N36N?
LINySB/17 9B 5995 9aN3T7 «N?
LIN,S/iS,S,,,,,,NB&.N’
LINyS/71Gy6999y9 s NION*
LIN)B/Z?,&,,,,,,““’.N'
LINyS/147 39999sH21F*
LINS/7297999999M22.R*

' LIN,Sf3,7,,,,,,N23.P'

' LINyS/74 37 999999N2LR*

: LIN,&/S,?;,,,’,NZFOE‘

. LINgS6/697599399N28.R"

' LINyB/7 97939999 N2ToF"

' LIN’6/8,7,,,,,,V23.R‘

LINySH/997 959999 N29.R™
LINYS/74 397 9999993  oR* =
LINgS/71137 9999 99NT1eR"

. LIN,S5/12,7 53593935 N324R?

g LINy5/1357 5599 9sN3ZeR?
LINyS/ 1497 999999N3UR?
LINyS/41557 999999 NICWR"
LINyS6/1697 599999 N3EGR?

. LINGS/ 1797 99999337 F®* "
LINGS/7 1397 999999 N3C R
LIN,Q’{Q,?,',”,QZ;OR|




; s LINSS/2%97 999 ap Vbl oR*
PARy 3y 9= ,40*

REGy791,17 BOMEER KILLEDoALCM NOT LAUNCHED
REGy8y141,A,M* ALCM LAUNCHED
VASyB8y1,C0,47,29JF416,3,UF, 5% ALCM LAUNCHED
ACTy8960959999A3eGELTL? ALCM NOT DETECTED
REGy569191* AL M SIRVIVES

ACT 38967 9AT 339999 ATalT oD ® ALCM ODETECTED

REGyB7T 9141 ,yF* {S ALCM MISTAKEN FOR BOMBER ?
ACT,&T.if,,,,,.s‘ YZS, IT 1S

ACT 367 93655999905 NOy, IT ISN'T

REGy6841y1%*

VAS,68,1,C0,35%

ACT 58440

QUE 3109093 99S/71 960 99910 PENETFATORS WITHOUT Al R_FTER THEM
VAS, 10955 UF 424E5UF, 3*

REGyily1,14A%

ACT 1197559999928 L Eesl™ NO TIME TO ASSIGN Al

ACT it glliyggygy9AdeGTastl? INTERCEFT WILL BE ATTEMPTED
SO0U,45%

REGy1241,1¥

ACTy12,134UF 428+

VAS,#5914C0490473C05 19390051 41 yUF,17*

ACT,45,42"

ACT,45,12,CCyei*

ACTy45942yCCye 2

ACT 43 4912,C0y 4 3>
ACTy8545129CCy ol
ACTy45912,CCy.5+
ACT945412,C0,4.6*
ACT3454912,CCye 7
ACT345912,C0,y 8%
ACT,45412,CCyeS*
ACTa4549129CCy5*
ACTy45,12,C00y10,2¢
ACT4454912,CCy1543*
, ACT 454124CCy20 5"
; ACT,45,12,C0y25,.8"%
. QUE,13)ﬂ,1,,B/7’1“,’,13‘
k MAT19,9,10/14,413/R 3"
' ’ REG,63'191'
VAS,62,9,UF,8*
,ACT,63,6“,00901’
QUE B4 g gL g9gthygqe2° %
REGyilholyiyh*
VAS)ilkey7+,C041959C0 41"
ACT 1991599999 9ATGToEL ™ FECYCLE AI FOR FUEL
ACT it g133C0919999AT7eLEALD" CHECK FOR PENETRATOR ASAIN IN ¢ MIN
REGy1591,14"*
ACTy15,13,UF,11+ RECYCLE TIME
. VAS,1557,C040" :
ACTy15y 15"
REGy1541y 2"
ACT,16,17"

141




~

M
REGy17 91y1,A%
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ACT 17 51859999 9A846T445%
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REG,18,1,2*

SEL)239ASH 9 9B/ Lyglhkybu?

ACT 22943 99sdy5 0"

REGy43,141*

VASy 434 7,UF 40 %
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REG,H6,1,1'A‘

QUE s y0999999923°

ACT, 3,47

REG L7 94,12

VAS;47 919C04 975005753, C0,1 40 ,UF,17"%

ACT,u7,4€"

ACT 45 4713999998545 EeA5% INTERCEPT PT IN COVERAGE
ACT4b948y99999~A5.LT,A58 TNTERGCEPT COUT OF COVERAGE
REGy484441,P*

VAS,)4843,UF 47417 ,UF,8¢

ACT )48 971499999 DEGRADE INTERCEPT PROBABILITY

ACToB g6l ygpey it DESRADE MAKES PENZTRATOR SAFE
REGy43,4y1,P* DOES FI SEE 30OMBER
REGy7Ls4s1,4A%

ACT 719489593993 ab Te3IZ¥
ACT o P71 979999998 eCE25"
VASy 74011, UFy1E412,UF,13,42,UF,2C*

VAS 434153 UF 923915 ,UF 322945 ,UF 323417 yUF 924,18, UF;25,194U%y25,20,yUF,27*

ACT 49,53 ,54599911¢ ENGAGEMENT WITH BDM FIRST SHOT
ACT49,55,5999312¢ ENGAGZMENT WITH AAM FIRST SHOT
ACT)43 954, 99913¢ NQ ENGAGEMENT

REGy73 9491 ,F"

ACT 9739545999430

ACT 373487 55999818
REG)STge4y1*

ACT 517,465

ACT 3734529999942
REGyS191,1L"

REGyS524141*

ACT 951 ,€5+

REGyDS 919144
VAS)25449C0OsdsTydF,13?

ACT 985,343, UF g1l gg99ATeLToAB*
ACT 185952y 9999920GELLR? -

ACT2524134UF 4114

ACT, 51467 ATTEMPT TC REASSIGN AI TO BCMEER
VASy52923C09F 979209 929C0,48 4,1 14UF,47*

REG953,51,1,F> BOES BCMBER HAVE BDMS

ACT 953955 399999 80 GT 0 ¢ YES RQOMS

ACT s53,5C 5995 98bel Sl NO EOMS

REGyShyiy1,P* : A0MBER SHOOTS FIRST
VAS,Slygl=yCC 414 ONE LESS S04

REGy35 4444 yF" FIGHT TR SHOCTS

ACT 54952 g9 99itt BOY SER MISSES ON FIRST S407
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ACT 355 9451,C09149991¢*
ACT9559564CCsl1999156*
ACT955,585999914"
REGy564191,F*

ACT 356957 99999928 eGTelf
ACT 356958599999 AbeLE.TTF
REGyS57 9191 4F*
VAS,ST,Q-,CO,i'

ACT 357 967 9999y d7®

ACT 3579589999913

ACT 5L 46 5999917*
REGy583,1,4*

REG959941y1*

ACT 358,452

ACT,53,52"

ACT,58,61L*

REGy6L91,14P*

ACTy01,6. 999992 ¢
ACTD61,62,’,1,19'
REGy6Is1y1,yA%
VAS;64y6,5UF,3*
ACT,6]91k,CO’-1,)’,AGoGE
ACT 5397 39959923 ¢LToetl"™
REGy7551y148*

ACT 97594299999 9A1LTe25"
ACTy7596€ 999959481 4GEe2E*
ACT,59,62*

REGy 524y 1y1,yn*

ACT 9624239999992l EQLLT
ACT 5292259999980 5Ne2"
ACT952323999999" 145028
ACT 962929999y 9AleENelt®
ACT 629259999994t etNet*
ACT 16292699999 92LeE0e5
ACT,52,27’,’,’,A108007‘
ACT 93292899999 9ALecQeb?
ACT 962429999999 1eEQe3"
ACT 962937 99999921 4sE0e102
ACT 6293199999921 EQ.814"
ACT 9629329999992 1¢%0e12%
ACT362433593999 1 650,43
ACTy)6293L gy 99999l Neiis®
ACT36253% 9999992l eEReld™
ACT 452936599999 ALeEN15>
ACT 62937 959999 h1eENaLTA
ACT 6293899959921 .EQe18+
ACT36233% 9999 94Lef0e13*
ACT 39294 " 999999 ALloEQe25
REGy21,4,1"

REGy2241,:*

REGy2391,1*

REGy2444,1?

REG,ZS,i,l'

REGy2544yL”

AI MISSES BUT RETAINS CONTACT
Al MISSES AND LCSES CONTACT
FIGHTZIR KILLS BOMSER, FIRST SHOT
DOES EOMBER HAVE A B8OM

YES HE HAS & BOM

DARN NO RDMS

BOMRER SHCOTS

ONE LSS BOM

BOMBER KILLS FIGHTER

BOM MISSESAI CON SEZCOND PASS
FIRST SHOT BOM KILLED FIGHTER
FIGHYZR SURVIVES

FIGHTZR WUN

FIGHTIR WILL RECYCLE

RECYCLE TO BASE

FIGHTER GETS THE LAST SHOT
DOES HE GET THE BS0MBER

NOPE
YzS

IS Ee0MBER STILL IN AWACS COVERAGE
CALCULATE TJ SEE

ool ¥ PENETRATCR IS STILL IN COVERGE

PENETRATCR IS SAFE

WHICH BOMBER GOT KILLED
BIMBIR NUMBER
30MBTR NUMBRER
30 MBSR NUMBER
30 M8ER NMUMEER
JOMRIR NUMRER
P MBIR NUMBER
30 MBZR NUMBER
B0 MBER NUMBER
30 BZR NUMBER

BOMFEER NUMBER 1.
BOM3ES NUMEER 11
BCM3IE2X NUMPER 12
SCU3ER NUMBER 43
BCMIE NUMBER 14
JCOMIER NUMBER 15
BOMPER MNUMBER 1€
BOM3ER NUMBER 17
8CM2EI NUMBER 13
30M8BER NUMBER 49
BOMRER NUMBER 2n
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REG,27y1,1%
REGy2841y1%
REG,29,1,1%
REGy 3D, 4y1%
REGy31,1,1*
REGy3291y1%
REG,33’1, i»
REGy3hely1®
REGy35,1,1*
REGy364Ly1*
REGy37,1y1%
REGy3841y1%
REGy33,1,1%
REGy4dgly1®
ACT,21,41°
ACT,22,u1%
ACT,23,41"
ACTy245bt?
ACT,25,41"
ACT,25,41%
ACT,27 41"
ACT,28,41°
ACT,23,61¢
ACT,y 33 41"
ACT,31,41°
ACT,32,41*
ACT,33,41"
ACT, 34, 41"
ACT,35,41"
ACT,35441%
ACT,37 441"
ACT,38,b2%
ACT,39,41"
ACT,63y41%
REGy4ly1y1%
REGy42,1,1%
CFIN®

DEAD BOMBRERS
LIVE BOMBERS

$%¥% NJ) ERRORS OZTECTED IN INPUT DATA *%*=

3% EXECUTION WILL BE

RUN LIVE CEAD
NO. BMSRS BMBRS ALCMS ALCMS

i 3 2

ATTSMFTED »x»

LAUNCHED
ALCMS
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